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Preface 


A new English translation of the Almagest needs no apology. As one of the most 
influential scientific works in history, and a masterpiece of technical exposition 
in its own right, it deserves a much wider audience than can be found amongst 
those able to read it in the original. The existing English translation by R. 
Catesby Taliaferro,’ besides being difficult to acquire, is such that silence is the 
kindest comment one can make. The French translation by N. Halma, virtually 
unobtainable, suffers from excessive literalness, particularly where the text is 
difficult. The other modern version, Karl Manitius’ German translation, is on 
an entirely different level from these. It was done by a man who had studied the 
text and made a strenuous and on the whole successful effort to understand 
Ptolemy’s meaning and methods. I have used it constantly for twenty years, and 
those to whom it is familiar will recognise how much I owe to it. Nevertheless, it 
is not free from mistakes, and, to my taste, errs in the direction of paraphrasing 
where it should be translating. Most important, one can no longer assume that 
those with a serious interest in history are able to read German with ease. I have 
been able to improve on Manitius’ translation, in part because of work 
published since he made it, in part because I had independent access to much of 
the textual evidence, notably the mediaeval Arabic translations. I have drawn 
attention to a few passages where I have noticed that he is in error, but I have 
made no systematic comparison between my translation and his or any other 
version. 

Every translator, and especially one dealing with an ancient language, ts 
confronted with the dilemma of being faithful to the original and at the 
same time comprehensible to his readers. My intention was that this trans- 
lation should serve both those who know no Greek, as a substitute for the 
text, and those who do, as an aid to reading it. This has inevitably led to 
compromises. On the whole, I have kept closely to the meaning and structure of 
the Greek, even, on occasion, where this entailed abandoning idiomatic 
English. But I have usually broken up Ptolemy’s enormously long sentences 
(characteristic of Hellenistic scientific prose) into shorter units more suitable for 
English, and I have frequently substituted mathematical symbols (=, + etc.) and 
a symmetric presentation for the continuous rhetorical exposition of the ancient 
text. I have been liberal with explanatory additions, which are marked as such 
by enclosure within square brackets. Wherever the need to be intelligible forced 
me to a paraphrase, I give the literal translation in a footnote. 

It would have made what is an already big book impossibly unwieldy if [had 


1For full references here and elsewhere see the Bibliography. 
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provided a full technical and historical commentary on the Almagest. 
Fortunately two recent works, by Neugebauer (HAMA) and Pedersen, are 
excellent guides to the technical content, and the former is also of considerable 
help on the numerous historical problems which arise from it. I have therefore 
confined my own commentary to footnotes on points of detail (referring to the 
above works for expository treatments), and to an introduction giving the 
minimum of information necessary to understand and use the translation. 

In the course of making the translation I recomputed all the numerical results 
in the text, and all the tables (the latter mostly by means of computer 
programs). The main purpose of this was to detect scribal errors (in which I 
have been moderately successful). But my calculations incidentally revealed a 
number of computing errors or distortions committed by Ptolemy himself. 
Where these are explicable as the result of rounding in the course of 
computation they are ignored, since to list some thousands of slightly more 
accurate results which I have found with modern mechanical aids would invite 
Ptolemy’s own sardonic remark: ‘Scrupulous accuracy about such a small 
amount is a sign of vain conceit rather than love of truth’. However, I have 
noted every computing error ofa significant amount, and also those cases where 
the rounding errors are not random, but seem directed towards obtaining some 
‘neat’ result. I hope that this will shed some light on the problem of Ptolemy’s 
manipulation of his material (both computational and observational) in order 
to present an appearance of rigor in his theoretical treatment which he could 
never have found in his actual experience. The problem is an interesting one, 
which deserves an informed and critical discussion. Unfortunately, the recent 
book on this subject by R. R. Newton provides nothing of the kind, but rather 
tends to bring the whole topic into disrepute. The only detailed discussion 
which is useful is that by Britton [1].? This, however, is confined to certain 
classes of the observations. My own inferences from the computations tend to 
confirm Britton’s conclusions about the nature and purpose of Ptolemy's 
manipulations of his data. 

This book owes much to the help of numerous people and institutions, which 
I gratefully acknowledge here. The Bibliotheque Nationale, Paris, the 
Biblioteca Apostolica Vaticana and the Biblioteca de E] Escorial provided me 
with microfilms of various Greek and Arabic manuscripts of the Almagest 
(detailed on pp. 3-4). I thank my colleague, David Pingree, Prof. Dr. Fuat 
Sezgin and Prof. Dr. Paul Kunitzsch for providing me with other microfilms 
and photocopies which I needed. Mr. Colin Haycraft not only gave me the 
necessary encouragement actually to embark on a project which I had been 
contemplating for a long time, but also bore patiently with the repeated delays 
until the book was ready for publication. When B. R. Goldstein, who was 
already engaged in preparing an English version of the Almagest, heard that I 
had decided to make this translation, he generously abandoned the project and 
turned over his materials to me. I owe to these and to him several ideas about 
format and notation. My pupil, Don Edwards, detected a number of slips and 


It is regrettable that this has never been formally published. It is available in Xerox copy from 
University Microfilms International, Ann Arbor, Michigan 48106. 
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typing errors in my preliminary version, and performed many useful services in 
comparing the translation with the Greek text. Michele Wilson drew Fig. F for 
me. Janet Sachs provided invaluable help in preparing the typescript for 
publication and eliminating numerous mistakes. Several of my footnotes on 
difficult problems have been influenced by my discussions with Noel Swerdlow. 
Rather than trying to disentangle his contribution at each place, I here record, 
with thanks, the stimulus he has given to my thinking. N. G. Wilson answered 
my questions on points of Greek palaeography and went out of his way to 
examine manuscripts at my request. My colleague, A. J. Sachs, gave me the 
benefit of his unrivalled expertise on several points of Babylonian astronomy 
and Mesopotamian history. ‘To my colleague O. Neugebauer Lowe more than I 
can express here. Let me say only that it was he who first introduced me to the 
Almagest more than twenty years ago, that his own investigations of it (only 
part of which have been published in his monumental A History of Ancient 
Mathematical Astronomy) have been invaluable to me as an aid and as a model, 
and that many will recognize his draughtsmanship in several of the supple- 
mentary diagrams. As an inadequate token I dedicate this book to him. 


Providence, 1982 Gr faa We 


Introduction 


1. Ptolemy 


For a detailed discussion of what little is known of the life of the author of the 
Almagest, and an account of his numerous other works, on astronomy, 
astrology, geography, optics and other mathematical subjects, I refer the reader 
to my article in the Dictionary of Scientific Biography (Toomer [5]). Here I 
mention only that his name was Claudius Ptolemaeus (KAavd10¢ MtoAepatoc), 
that he lived from approximately A.D. 100 to approximately A.D. 175, and that 
he worked in Alexandria, the principal city of Greco-Roman Egypt, which 
possessed, among other advantages, what was probably still the best library in 
the ancient world. 


2. The Almagest 


The Almagest is firmly dated to the reign of the Roman emperor Antoninus 
(A.D. 138-161). The latest observation used in it is from 141 February 2 (IX 7 p. 
450), and Ptolemy takes the beginning of the reign of Antoninus as the epoch of 
his star catalogue (VII 4 p. 340). Although it is clear that Ptolemy had spent 
much time on it and that it is a work of his maturity (his own observations 
recorded in it range from A.D. 127 to 141), it has always been considered as his 
earliest extant work, because of the changes from it and references back to it in 
other works by him (for details see Toomer [5] p. 187). However, a recent 
discovery by Norman T. Hamilton (see IV n.51 p. 205) has shown that the 
‘Canobic Inscription’ represents a stage in the development of Ptolemy’s 
astronomical theory earlier than the Almagest. Since Ptolemy erected that 
dedication in the tenth year of Antoninus (A.D. 146/7), the Almagest can hardly 
have been published earlier than the year 150. 

As is implied by its Greek name, pa®npatikt obvtaeic, ‘mathematical 
systematic treatise’, the Almagest is a complete exposition of mathematical 
astronomy as the Greeks understood the term. Whether there were any 
comparable works (i.e. comprehensive astronomical treatises) before it is not 
known. In any case, its success contributed to the loss of most of the work of 
Ptolemy’s scientific predecessors, notably Hipparchus, by the end of antiquity, 
because, being obsolete, they ceased to be copied. Whereas Hipparchus’ works 
are still used by Ptolemy’s younger contemporaries, Galen and Vettius Valens,’ 


1E.g. Galen, On Seven-month Children, ed. Walzer 347, 350; Commentary on Hippocrates’ Airs 
Waters and Places (see GAS VI 98). Vettius Valens, Anthologiag 354. 
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by the early fourth century (and probably much earlier),” when Pappus wrote 
his commentary on it, the Almagest had become the standard textbook on 
astronomy which it was to remain for more than a thousand years. Thus its 
importance for us lies not only in its value as a historical source for earlier 
theories and observations, but also, and perhaps chiefly, in its influence on all 
later astronomy in antiquity and the middle ages (in both Islamic and Christian 
areas) down to the sixteenth century. It was dominant to an extent and for a 
length of time which is unsurpassed by any scientific work except Euclid’s 
Elements. 

No attempt can be made here to sketch even an outline of the history of its 
influence.’ I mention only some points to which I will make reference in the 
notes to the translation. The position of the Almagest as the standard textbook 
in astronomy for ‘advanced students’ in the schools at Alexandria (and no 
doubt at Athens and Antioch too) in late antiquity is amply demonstrated by 
the partially extant commentaries on it by Pappus (c. 320) and by Theon of 
Alexandria (c. 370). In the late eighth and ninth centuries, with the growth of 
interest in Greek science in the Islamic world, the Almagest was translated, first 
into Syriac, then, several times, into Arabic. In the middle of the twelfth 
century no less than five such versions were still available to the amateur ibn as- 
Salah: a Syriac translation, two versions made under the Caliph al-Ma’min 
(an older one by al-Hasan ibn Quraysh, and one dated 827/8 by al-Hajjaj), a 
version by the famous translator Ishaq ibn Hunayn (c. 879-90), and a revision of 
the latter by Thabit ibn Qurra (d. 901).* Two of these translations are still 
extant, those of al-Hajjaj and Ishaq-Thabit. In them we find the title of 
Ptolemy’s treatise given as ‘al-mjsty’ (consonantal skeleton only). This is 
undoubtedly derived (ultimately) from a Greek form peyiotn (?sc. ovvtakic), 
meaning ‘greatest [treatise]’, but it is only later that it was incorrectly vocalised 
as al-majasti, whence are derived the mediaeval Latin ‘almagesti’, ‘alma- 
gestum’, the ancestors of the modern title ‘Almagest’. The available evidence 
has been assembled and discussed by Kunitzsch, Der Almagest 115-25, where he 
makes a good case for supposing that the Arabic form was derived, not directly 
from the Greek, but from a middle Persian (Pahlavi) translation of the 
Almagest. There is independent evidence for the existence of the latter, but 
whether it was made as early as the reign of the Sassanid king Shahpuhr I (241- 
272), as later Persian accounts maintain, seems very dubious to me. 

While Ptolemy’s work in the original Greek continued to be copied and 
studied in the eastern (Byzantine) empire, all knowledge of it was lost to western 


? The evidence for the practice of astronomy in the third century is pitifully small, but there exists 
a fragment of a text from about A. D.213 which isclosely related to the Almagest (see HAMA II 948- 
49), and there are several third-century papyri related to the Handy Tables (ibid. 974-75, 979-80). 
P. Ryl. 27 (written c. 260) quotes Ptolemy’s solstice and equinox observations from Almagest III], 
and in the late third century Porphyry (Comm. on Harmonica 2, p. 24,15 ff.) quotes Almagest I 2 (H9, 
11-16). The only evidence I have seen for knowledge of the Almagest in the second century, Galen, 
Commentary on Hippocrates’ Airs Waters and Places II (ms. Cairo, Tal‘at tibb 550, p. 73a), where 
Ptolemy is mentioned at the end ofa list of authorities on astronomy, must be an interpolation in the 
Arabic tradition, since Ptolemy is there characterized as ‘the king of Egypt’. 

*I know of no satisfactory account of this. I gave a very brief sketch, Toomer{5] 202. 

*For a full account of this see Kunitzsch, Der Almagest, especially 15-71. Kunitzsch has also 
published the work of ibn as-Salah (see Bibliography). 
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Europe by the early middle ages. Although translations from the Greek text 
into Latin were made in mediaeval times,” the principal channel for the 
recovery of the Almagest in the west was the translation from the Arabic by 
Gerard of Cremona, made at Toledo and completed in 1175.° Manuscripts of 
the Greek text began to reach the west in the fifteenth century, but it was 
Gerard’s text which underlay (often at several removes) books on astronomy as 
late as the Peurbach-Regiomontanus epitome of the Almagest (see Biblio- 
graphy under Regiomontanus). It was also the version in which the Almagest 
was first printed (Venice, 1515). The sixteenth century saw the wide 
dissemination of the Greek text (printed at Basel by Hervagius, 1538), and also 
the obsolescence of Ptolemy’s astronomical system, brought about not so much 
by the work of Copernicus (which in form and concepts is still dominated by the 
Almagest), as by that of Brahe and Kepler. 


3. The translation 


The basis of my translation is the Greek text established by Heiberg. I have, 
however, found it necessary to make several hundred corrections to that text. 
These are noted at the places in the translation where they occur,’ and are also 
listed in Appendix B. In many cases (usually involving numerical computa- 
tions), my correction consists of adopting the reading of the manuscript D, 
unjustly spurned by Heiberg as descended from an archetype due to an 
Alexandrian recension in late antiquity (Prolegomena, in Ptolemy, Opera 
Minora CXXVI-VII). Whatever the truth about that, and despite the fact that 
D itself is, as Heiberg says, ‘most negligently written’, I am convinced on 
grounds of internal consistency that it represents a sounder tradition than that 
of the mss. ABC, generally preferred by Heiberg. In many cases its obviously 
correct readings are shared by all or part of the Arabic tradition. Nevertheless, I 
have not deviated from Heiberg’s text except where it seemed essential for sense 
or numerical consistency. In making corrections I have referred to photographs 
of the following manuscripts. 


Greek (I use Heiberg’s notation) 
A Parisinus graecus 2389. Mainly uncial, ninth century 
B Vaticanus graecus 1594. Minuscule, ninth century 
D__Vaticanus graecus 180. Several hands, but not, as Heiberg, Almagest I p. V, 
of the twelfth century, but rather of the tenth: see the Vatican Catalogue 
by Mercati and Franchi de’ Cavalieri, I p. 206. N. G. Wilson has 
confirmed this dating for me by personal inspection. (Heiberg himself 
seems to have changed his opinion later: see Prolegomena LX XIX.) 
Arabic (I have used the abbreviations ‘Ar’ to refer to the consensus of the 


5 See Haskins, Studies 103-112, 157-165. 

6Kunitzsch, Der Almagest 83-112, gives a valuable account of the evidence for this, and of 
Gerard’s method of work: evidently he used more than one of the Arabic translations. 

71 have acknowledged there all cases known to me where my correction has been anticipated by 
others, notably Manitius. 


a Introduction: Manuscripts and text 


Arabic tradition, and ‘Is’ to the consensus of the mss. containing the Ishaq- 

Thabit version). 

L Leiden, or. 680. Eleventh century according to Kunitzsch, Der Almagest 38. 
This is the only surviving manuscript of the version of al-Hajjaj. 

T Tunis, Bibliothéque Nationale, 07116 (see Kunitzsch, Der Almagest 38-40). 
Completed October 1085. The Ishaq-Thabit version, complete. 

P Paris, B.N. ar. 2482. Completed December 122]. See Kunitzsch, Der 
Almagest 42-3. The Ishaq-Thabit version, Books I-VI 13. 

Q Paris, B.N. ar. 2483. Fifteenth century. See Kunitzsch, Der Almagest 43. 
The Ishaq-Thabit version, Books I- VII. 

E Escorial 914. See Kunitzsch, Der Almagest 43-4. The Ishaq-Thabit version, 
Books V-IX. 

F Escorial 915. Completed September 1276. See Kunitzsch, Der Almagest 
44-5. The Ishaq-Thabit version, allegedly containing Books VII- XIII, 
but in fact lacking large sections even of these, and bound in such disorder 
as to be almost useless. 

Ger The Latin translation of Gerard of Cremona, for which I have used only 
the printed edition (Venice, Liechtenstein, 1515). For the complex 
dependence of this on the various Arabic versions see Kunitzsch, Der 
Almagest 97-104. 


I did not undertake a complete collation of any of the above mss. For the 
Greek mss. that would have been largely useless, since Heiberg’s reports are, as 
in all his editions, very accurate (to judge from my sporadic verifications; I 
remarked the rare exceptions in the notes to the translation). To collate the 
Arabic translation would have delayed this book for several years, with no 
commensurate gain. I have consulted the above mss. only in passages where I 
already considered Heiberg’s text wrong or suspect. Therefore no conclusions 
should be drawn about the readings of the Arabic mss. where I do not explicitly 
report them. 

There are a number of places where, if I were to establish a Greek text, it 
would differ from Heiberg’s, but which I have not bothered to record in this 
book. Examples are: 


mere orthography: 


ndpioKopEev for ebpioxopev (imperfect) I 327,15 
KaAAinnoc for KaAinnoc 1.199;5 

GMETAMELOTOV for duetamotov 1 6,18 (cf. Boll, Studien 74) 
KpiKoc for Kpikoc I 196,8 


changes in form not affecting the sense: div for av I 393,11 
reversals of letters referring to figures: ZK for KZ I 243, 22 
obvious misprints: 
oeATVNG for onAtivnc I 406,25 
avoOpariac for GL@pariac I 462,19 
(less obvious misprints, particularly those involving numbers, are recorded). 


During the course of making the translation, I became convinced that the 
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text contains quite a large number of interpolations, which must go back to 
antiquity, since they are in the whole manuscript tradition, both Greek and 
Arabic. I was first led to this conclusion by the discovery that there are places in 
the text, nonsensical as they stand, which can be made to yield perfect sense by 
the simple elimination of a clause or sentence, which must have been inserted as 
‘explanation’ by someone who failed to understand Ptolemy’s meaning. A 
notable example is V 1 (see p. 219 n.5). Cf also V 12, p. 245 with n.41. I later 
realised that there are whole classes of textual matter which must also be 
regarded as interpolations. One of these is the totals in the star catalogue (see pp. 
16-17). The other is the chapter headings. Some of these (e.g. [X 2) are so inept as 
descriptions of the actual content of the chapter that it is impossible to attribute 
them to Ptolemy. In fact I do not believe that Ptolemy himselfused any chapter 
divisions at all. It is obvious that he is responsible for the division into 13 books, 
both from the summaries that are found at the beginning of most books, and 
from explicit references such as ‘in Book IP (év t© npadt@ tic ovvtdEews, II 1 p. 
75) and ‘in the preceding book’ (év t@ 1p0 tobtwv ovvtaypatt, VI 5 p. 283). 
But he never refers to a chapter division. Furthermore, there is some 
discrepancy in the manuscript tradition (especially between the branch 
represented by D and that represented by A) as to the points of division between 
chapters (e.g. at the beginning of Book III), and it is clear from Pappus’ 
commentary that although a division into chapters already existed in his time, 
it was very different, at least in Book V, from the present division.® If the chapter 
division and headings are spurious, so too must be the table of contents 
preceding each book. Nevertheless, since this method of subdividing the text is 
useful for reference purposes, and appears in all editions, I have retained it, 
merely marking the character of the chapter headings by enclosing them in 
brackets thus: { its 


4. What is in the Almagest, and what is not 


The order of treatment of topics in the Almagest (outlined in I 2) is completely 
logical. In Book I, after a brief treatment of the nature of the universe (in so far 
as it concerns the astronomer), Ptolemy develops the trigonometrical theory 
necessary for the work as a whole. In Book II he discusses those aspects of 
spherical astronomy which are related to the observer’s position on earth (rising- 
times, length of daylight, etc.). Book IIT is devoted to the theory of the sun. This 
is a necessary preliminary for the treatment of the moon in Book IV, since the 
use of lunar eclipses there depends on one’s ability to calculate the solar 
position. Book V treats the advanced lunar theory, which isa refinement of that 
in Book IV, and also lunar and solar parallax. Book VI is on eclipses, and thus 
requires a knowledge of both solar and lunar theory, and also of parallax. Books 
VII and VIII treat the fixed stars: since the moon is used as a ‘marker’ to 
determine the position of some crucial fixed stars, lunar theory must precede 
this, and since some planetary observations are made with respect to fixed stars, 


® See the note in Romef{1] I p. 106, and cf. (for Theon) II p. 448 n. (1). 
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the establishment of a star catalogue (VII 5 and VIII 1) must precede the 
planetary theory. The last five books are devoted to the planets. Books IX-XI 
develop the theory of their longitudinal motion, Book XII treats retrograda- 
tions and greatest elongations (which depend only on longitude), while Book 
XIII deals with planetary latitude and those phenomena (the “‘phases’) which 
are partially dependent on it. Ptolemy occasionally anticipates later results for 
the sake of convenience (see IV 3 p. 179 and IX 3 p. 423, where the mean motion 
tables of moon and planets incorporate some later corrections), but in general 
the order of presentation, within books as well as in the treatise as a whole, is 
dictated by the logic of the didactic method. 

There are, however, certain topics which Ptolemy does not discuss either 
because he takes it for granted that they are already known to his readers, or 
because it seemed superfluous to go into details (here Iam referring especially to 
chronological matters). He says specifically (I 1 p. 37 with n.13) that the work 
is for ‘those who have already made some progress in the field’. This means, in 
practice, that he assumes a knowledge of elementary geometry (‘Euclid’) and 
‘logistic’ (thus he does not consider it necessary to explain how to extract a 
square root), and also of ‘spherics’. The latter is illustrated by the extant works 
of Autolycus, Euclid (Phaenomena) and Theodosius (Sphaerica), which deal with 
the phenomena arising from the rotation of stars and sun about a central, 
invisibility etc., using elementary geometry, but arriving mainly at qualitative 
rather than quantitative results.? These results are mostly irrelevant to 
Ptolemy’s work, but he does use much of the terminology and concepts of 
spherics without explanation. 


5. What the reader of the Almagest needs to know 


The modern reader, too, is likely to be familiar with elementary geometry. Sol 
have not burdened the translation with references to Euclid except where the 
theorems assumed are not immediately obvious. However, in what follows I 
give a brief explanation of methods, concepts and facts not explained by 
Ptolemy which the reader of the Almagest needs to know, but which may be less 
familiar. On Ptolemy’s mathematical methods in general one may profitably 
consult Pedersen 47-56. 


(a) The sexagesimal system 


This was taken over by the Greeks (one may guess by the Hellenistic 
astronomers) from the Babylonians as a convenient way of expressing fractions 
and (to a lesser extent) large numbers, and of performing calculations with 
them. It is the first place-value system in history. In the translation and notes I 
use the convenient modern ‘comma and semi-colon’ notation, in which 


°For more detail see HAMA II 755-71. 
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6,13;10,0,58 represents 6 x 60 + 13 + 10x 607' +0 x 6077 +58 x 60°. Ptolemy uses 
the system only for fractions, and represents whole numbers, even when 
combined with sexagesimal fractions, by the standard Greek (alphabetic) 
notation. The translation follows this mixed notation (thus the above number 
would be written 373;10,0,58 in the translation, and TOY T o Vy in Greek). 


(b) Fractions 


Except where it is necessary to be precise, Ptolemy prefers the traditional Greek 
fractional system to the sexagesimal. In this, although it is possible to express 
proper fractions as e.g. ‘4 5ths’, preference is given to unit fractions, so that, e.g. 
‘7’ is expressed as the sum of } and @ (written Z’8’, ice. 34°). There is a special 
sign for §. In the translation I have usually converted these sums of unit fractions 
to proper fractions without comment. However, I have always retained the 
fractional form where Ptolemy has it, since it gives a misleading appearance of 
precision to convert to sexagesimals (as Manitius often does, putting an exact 
number of minutes instead of a fraction of a degree). This is particularly true of 


the star catalogue. 


(c) Trigonometry 


The sole trigonometrical function used by Ptolemy is the chord. The derivation 
and structure of his chord table are fully explained in I 10. However, Ptolemy 
does not give explicit instructions for its use in trigonometrical calculations, 
although his method is obvious enough from the worked examples. In what 
follows I give a literal translation, with commentary, of a typical calculation 
involving trigonometry. 


See Fig. A, and, for my conventions, compare the translation pp. 163-4. In the 
given situation arc OH is 30°, AD is 60°, AH is 2;30?, and it is required to find 
the angle ADH (the ‘equation’). In modern trigonometry we would use the 
cosine formula. Ptolemy has no equivalent, so he drops the perpendicular HK, 
thus transforming the problem into one of solving only right triangles, which is 
his standard procedure." 


‘Then since arc OH is again 30 degrees, angle OAH would be 30 of those [units] 
of which 4 right angles are 360, and 60 of those [units] of which 2 right angles are 
360. So the arc on HK is 60 of the units of which the circle [circumscribed] 
about the right-angled [triangle] HKA is 360, and the arc on AK is 120, the 
supplement making up the semi-circle. And so, of the chords subtended by 
them, HK will be 60 of the units of which hypotenuse AH is 120, and AK 103355 


of the same [units].’ 
10 He knows the equivalent of the sine formula, namely that in the general triangle the sides are 


proportional to the chords of the doubles of the opposite angles, but uses it surprisingly infrequently. 
An example is [IX 10 p. 462 (cf. n.96 there). 
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To solve a right-angled triangle (here HKA), Ptolemy imagines a circle 
circumscribed about it. Then the hypotenuse of the triangle is the diameter of 
the circle, and is taken (initially) as 120 parts (R = 60 being the standard on 
which Ptolemy’s chord table is constructed). The two acute angles of the 
triangle being given, the other two sides can now be expressed in the same units: 
they are the chords of the arcs of the circumscribed circle, which are the doubles 
of the angles of the triangle (since they are equal to the angles at the centre). 
Instead of explicitly doubling these angles, Ptolemy always first expresses them 
in ‘units of which 2 right angles are 360’. (Following the convention invented by 
B. R. Goldstein, I indicate these ‘deri degrees’ by the notation °°, reserving ° 
for the standard degree of which there are 90 ina right angle.) This enables him 
to switch smoothly from the triangle to the circle (and hence to the chord table, 
which gives him the actual numbers 60° and 103;55°): an angle of size 8° is 
20°°, and hence the arc of the circumscribing circle which corresponds to that 
angle is 20°. 


‘Therefore in those [units] of which line AH is 2;30, and the radius AD is 60, HK 
will be 1;15 and AK, likewise, 2;10, and KD, the remainder, 57;50.’ 


The sides of triangle AKH are converted to the norm representing their actual 
size (AH = 2;30°, hence they are multiplied by 2;30/120). This gives two sides of 
the next right triangle to be solved, DHK:HK and (by subtraction of AK from 
the given AD) KD. 


‘And since the squares on these added together make the square on DH, the 
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latter will be, in length, approximately 57;51 of the units of which line KH was 
{found to be] 1515.’ 


Since Ptolemy has no tangent function, he has to use ‘Pythagoras’ theorem’ to 
find the hypotenuse of the right triangle in question. He uses the word pt1}Kél, ‘in 
length’, to indicate that he is taking the square root (considered as the side of a 
square, hence a line length). 


‘And so of those [units] of which hypotenuse DH is 120, line HK will be 2;34 and 
the arc on it [HK, will be] 2;27 of those [units] of which the circle about DHK is 
360. So that angle HDK is 2;27 of those [units] of which 2 right angles are 360, 
and about 1;14 of those of which 4 right angles are 360.’ 


The sides of triangle DHK are now converted to the standard in which the 
hypotenuse is 120°, thus enabling Ptolemy to use the chord table to determine 
the size of the arc corresponding to the side opposite the angle to be determined, 
HDK. The latter, being at the circumference of the circumscribed circle, is half 
the arc. Ptolemy again expresses this relationship by saying that it is the same 
number of ‘demi degrees’ as the arc is ‘single degrees’, and then converting the 
‘demi degrees’ to ‘single degrees’ by halving. Note that I frequently translate 
expressions like ‘30 degrees of the kind of which the great circle is 360’ simply as 
elke 


(d) Chronology and calendars 


Ptolemy’s own chronological system is very simple. He uses the Egyptian year and 
the era Nabonassar. The Egyptian year is of unvarying length of 365 days, 
consisting of twelve 30-day months and 5 extra (‘epagomenal’) days at the end. 
Ptolemy uses the Greek transliterations of the Egyptian month names. For the 
reader’s convenience, I usually add a Roman numeral indicating the number of 
the month. The order of the months is: 


I Thoth VII Phamenoth 
II Phaophi VII Pharmouthi 
II Athyr IX Pachon 
IV Choiak X Payni 
V_ Tybi XI Epiphi 
VI Mechir XII Mesore. 


The reason for choosing the era Nabonassar is given by Ptolemy at III 7 (p. 
166: the earliest (Babylonian) observations available to him were from the 
reign of King Nabonassar. Ptolemy’s epoch, Nabonassar |, Thoth | cor- 
responds to -746 February 26 in our reckoning.’! 

1! Throughout this book I use the ‘astronomical’ system of dating according to the Christian era, 


since it is far simpler for calculating intervals than the ‘B.C./A.D.’ system. In this, year -1 
corresponds to 2 B.C., year 0 to 1 BC., year | to A.D. ivete: 
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Even when he refers to other calendars, Ptolemy usually gives the equivalent 
date in his own system, so there is no uncertainty. Sometimes, however, he 
gives, not the running date in the era Nabonassar, but only the regnal year ofa 
king. It is clear that there already existed, in some form, a ‘king-list’ enabling 
one to relate the regnal year of a given king to a standard epoch." Later, in his 
‘Handy Tables’, Ptolemy published such a king-list (known as ‘Canon 
Basileon’), and it survives, in a considerably augmented form, in Byzantine 
versions of Theon of Alexandria’s revision of the Handy Tables. From these I 
have excerpted and ‘reconstructed’ the table on p. 11, which makes no 
historical pretensions, but is intended solely as an aid to readers of this 
book. The basis of the table is Usener’s edition of the two versions in the 
manuscript Leidensis gr. 78, in Monumenta Germaniae Historica, Auctores Antiquas- 
simi XIII (Chronica Minora Saec. IV.V. VI.VH, ed. Th. Mommsen), Vol. III, 447- 
53, supplemented by my own reading of the version in the ms. Vaticanus gr. 
1291, 16-17". The names of the Babylonian and Assyrian kings are obviously 
very corrupt, and I have made no attempt to emend them, but have chosen 
those manuscript variants which seem closest to the forms now known from the 
cuneiform sources, which are listed in the second column (supplied to me by A. 
Sachs). 

For the purposes of astronomical chronology, an integer number of years is 
assigned to each reign. As far as can be checked from independent sources, 
‘Year 1’ of each reign was assumed to begin on the Thoth 1 preceding the 
historical date on which the king began to reign.'” Thus, to use the table to go 
from a given regnal year to the era Nabonassar, one simply adds the number of 
the regnal year to the total listed (in the fourth column) for the previous king.’® 
E.g. to find the second year of Mardokempad in the era Nabonassar (cf. IV 8 p. 
204), we add 2 to the total of 26 given for his predecessor, Ilulai, and get the 
twenty-eighth year in the era Nabonassar. 

Although I supply in the translation the modern equivalent of all dates in the 
Almagest, I have added, for the use of those readers who wish to check them, a 
fifth column listing the Julian equivalent of the first day of each king’s reign. If 
one bears in mind that every Julian year divisible by 4 is a leap-year, while the 
Egyptian year is constant, this is a sufficient basis for the calculation. However, 
I recommend as an easier alternative the use of Schram’s AKalendariographische 
Tafeln: from pp. 182-9 of that one can find the Julian day number of any date in 


'? Papyrus fragments of such king-lists are found in P. Oxy. 1.35 and Sattler, Studien 39-50. These 
are, however, later than Ptolemy. P. Oxy, 19.2222, a list of the Ptolemies of Egypt, is earlier than the 
Almagest, but is very different in format from Ptolemy’s king-list. 

"It is not known why these two kings are combined. In cuneiform sources (e g. the king-list 
translated in Pritchard, Ancient Near Eastern Texts 272 (iv), they appear consecutively, Ukin-zér 
being assigned 3 years and Pulu 2. 

'* This must be a corruption in the Greek tradition of Arses (’Apons), the usual form of this king’s 
name (also known as’ Oapon). 

'° This was recognised long ago. See Usener, MGH XIII.3 p. 441, with references to older 
literature in his n.5. 

'® In the Handy Tables Ptolemy adopted the ‘era Philip’ (which already occurs in the Almagest as 
‘death of Alexander’); hence in the mss. the totals for era Nabonassar go only as far as Alexander the 
Macedonian (no. 31), and a new totalling system begins with Philip (no. 32). I have converted all 
these later totals to the era Nabonassar by the addition of 424 to each. Cf. Schram p. 173. 
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Ruler 


Kings [of Assyria 
and Babylonia] 
Nabonassar 
Nadi 
Chinzer and Por!’ 
Hlulai 
Mardokempad 
Arkean 
First interregnum 
Belib 
Aparanad 
Regebel 
Mesesemordak 
Second interregnum 
Asaridin 
Saosdouchin 
Kiniladan 
Nabopolassar 
Nabokolassar 
Illoaroudam 
Nerigasolassar 
Nabonadi 


Kings of the Persians 
Cyrus 
Kambyses 
Darius I 
Xerxes 
Artaxerxes I 
Darius II 
Artaxerxes II 
Ochus 
Arogos'* 
Darius III 


Alexander the Macedonian 


Kings of the Macedonians 


Philip who succeeded 
Alexander the founder 
Alexander II 
Ptolemy son of Lagos 
Ptolemy Philadelphos 
Ptolemy Euergetes 
Ptolemy Philopator 
Ptolemy Epiphanes 
Ptolemy Philometor 
Ptolemy Euergetes II 
Ptolemy Soter 
Ptolemy Neos Dionysus 
Cleopatra 


Kings of the Romans 
Augustus 
Tiberius 
Gaius 
Claudius 
Nero 
Vespasian 
Titus 
Domitian 
Nerva 
Trajan 
Hadrian 


Antoninus 


Correct form 


Nabii-nasir 

Nadin 

Ukin-zer; Pulu 
Elulai 
Marduk-apla-iddin 
Sarru-ukin 


Bel-ibni 
ASS$ur-nadin-Sumi 
Nergal-uSezib 
MutSezib-Marduk 


ASSur-aha-iddina 
Samaé-Suma-ukin 
Kandalanu 
Nabi-apla-usur 
Nabi-kudurra-usur 
Amil-Marduk 
Nergal-Sarra-usur 
Nabt-na‘id 


Kurus 
KambuZiya 
Darayava"u 
ySayarsa 
Artaxy8a0ra 
Darayava"u 
ArtaySa8ra 
Vahauka 
?Hawarsa 
Darayava"u 
*AdeEavipoc 


Pikinnoc 
‘“Adebavipoc Etepoc 
TltoAepaiocg Adyou 
Pirddehpoc 
Evepyétns 
Diroratwp 
‘Emoavnc 
PMiropytwp 
Evepyétnge 
Lomp 

Atdvvaoc véos 
KAconatpa 


Augustus 
Tiberius 
Gaius 
Claudius 
Nero 
Vespasianus 
Titus 
Domitianus 
Nerva 
Traianus 
Hadrianus 
Aelius Antoninus 


Years of 
reign 
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Total years to 
end of reign 


14 
16 
21 
26 
38 
43 
ot) 
48 
Brit 
55 
59 
67 
80 
100 
122 
Hee) 
186 
188 
192 
209 


218 
226 
262 
283 
324 
O43 
389 
410 
412 
416 
424 


431 
443 
463 
501 
526 
543 
567 
602 
631 
667 
696 
718 


761 
783 
787 
801 
815 
825 
828 
843 
844 
863 
884 
907 


1] 


Julian date of 
beginning of reign 


-746 Feb. 26 
-732 Feb. 23 
-730 Feb. 22 
-725 Feb. 21 
~720 Feb. 20 
-708 Feb. 17 
-703 Feb. 15 
-701 Feb. 15 
-698 Feb. 14 
-692 Feb. 13 
-691 Feb. 12 
-687 Feb. 11 
-679 Feb. 9 

-666 Feb. 6 

~646 Feb. | 

-624 Jan. 27 
-603 Jan. 21 
-560 Jan. 1) 
-558 Jan. 10 
-554 Jan. 9 


-537 Jan. 5 
-528 Jan. 3 
-520 Jan. | 
-485 Dec. 23 
-464 Dec. 17 
-423 Dec. 7 
-404 Dec. 2 
-358 Nov. 21 
-337 Nov. 16 
-335 Nov. 15 
-331 Nov. 14 


-323 Nov. 12 
-316 Nov. 10 
~304 Nov. 7 
-284 Nov. 2 
-246 Oct. 24 
-221 Oct. 18 
-204 Oct. 13 
-180 Oct. 7 
-145 Sept. 29 
-116 Sept. 21 
~80 Sept. 12 
-51 Sept. 5 


-29 Aug. 31 
14 Aug, 20 
36 Aug. 14 
40 Aug. 13 
54 Aug. 10 
68 Aug. 6 
78 Aug. 4 
81 Aug. 3 
96 July 30 
97 July 30 

116 July 25 

137 July 20 
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the era Nabonassar in a few seconds, and hence (from his other tables) the 
equivalent date in any standard calendar. 

The only other aspect of Ptolemy’s own chronology requiring remark is the 
‘double dates’. He frequently characterises the day of an observation by 
expressions like Tlayav tC’ eig tHv 1’, translated ‘Pachon 17/18’, but literally 
‘Pachon, the seventeenth towards the eighteenth’. Modern commentators have 
made unnecessarily heavy weather of this. Ptolemy himself uses a noon epoch, 
but this is an artificial starting-point (the reason for which he explains at III 9 pp. 
170-1), and has nothing to do with numbering the day. In antiquity the ‘civil epoch’ 
of the day was either dawn (as in Egypt) or sunset (as in Babylon). In either 
system, an event which took place in the daylight would be on the same ‘day’, 
but one which took place in the night would be on ‘day n’ for those using dawn 
epoch and ‘day n+l’ for those using sunset epoch. Hence ambiguity was 
possible. Ptolemy uses double dates (which are found only for night-time 
observations) tc avoid this ambiguity. The form he uses implies the Egyptian, 
i.e. dawn epoch (cf. the long form IIT ] p. 138,17 ta’ tod Mecopt peta B dpac 
éyydc TOD cic trv 1B’ pEcovuKTiov (literally ‘on the eleventh of Mesore, 
approximately two hours after the midnight towards the twelfth’), but it would 
be clear even to someone using sunset epoch (who would date the above event to 
‘Mesore 12’) what day he means. 

In using the observations of his predecessors Ptolemy often has occasion to 
refer to other systems of chronology and calendars. Although in such cases one 
can always readily derive the equivalent date in Ptolemy’s own system (he 
almost always gives it explicitly), I shall describe them briefly here. 

The most frequently mentioned is the Kallippic Cycles. To explain this, we 
must go back to Meton, who in -43] devised a 19-year ‘cycle’, i.e. a fixed 
scheme of intercalation of months containing 6940 days (thus the average 
length of a year was 3654 + 76 days).!’ Since he was an Athenian, he used the 
month names of the Athenian civil calendar for the months of his artificial 
‘calendar’. A hundred years later an associate of Aristotle, Kallippos, produced 
a revision of this, based on the more accurate year-length of 3654 days. In order 
to achieve this, he elimunated one day from 4 Metonic cycles, thus producing 
the ‘Kallippic cycle’ of 76 years and 27759 days. What was later known as the 
‘First Kallippic Cycle’ began at the summer solstice (probably June 28th) of the 
year ~329. In the Almagest we find references also to the Second and Third 
Kallippic Cycles, which began in -253 and - 177 respectively. To judge from 
the Almagest, this chronological system was the one most used by earlier 
Hellenistic astronomers.'® In VII 3 four observations by Timocharis (Alexan- 
dria, third century B.C.) are given according to the year of the First Kallippic 
Cycle and ‘Athenian’ month and day. On the basis of these, several attempts 
have been made to reconstruct the whole “Kallippic calendar’, with discrepant 
results. Since the above constitute the whole evidential basis, apart from the 


'’For a detailed discussion see Toomer{7]. I give there the arguments for supposing that Meton’s 
purpose was not to reform the Athenian calendar, but to establish an ‘astronomical chronology’. 

'8 The dates of the three eclipses in IV 1] (p. 211, cf. n.63 there) which, though observed in 
Babylon, are given according to Athenian archon and Athenian month, are presumably in the 
Metonic calendar. 
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passage in Geminus, Evsagoge VIII, which I regard as fiction, and two dubious 
equivalences in the Milesian parapegma, any reconstruction is academic.!9 
Here I note only that Kallippos evidently retained the peculiar Athenian method 
of counting the days of the month by decads, and in the last decad counting 
backwards, so that VII 3 p. 336 ti] ¢’ pOtvovtos, literally ‘on the sixth [day] of 
the waning [moon]’, means ‘the sixth day from the end of the last decad’, i.e. the 
twenty-fifth.?° 

Hipparchus too used the Kallippic cycles for astronomical dating, but 
combined them, not with Kallippos’ ‘Athenian’ calendar, but with the 
Egyptian calendar (i.e. he used the cycles simply as a year count), at least as far 
as we can tell from the Almagest. This seems to have led to ambiguities, since 
the ‘Kallippic’ year began at or near the summer solstice, while the Egyptian 
year is a ‘wandering year’, which in Hipparchus’ time began about the end of 
September. Thus there arose the possibility of a discrepancy of | in the year 
count, for certain stretches of the year (whether it is +] or -1 depends on 
Hipparchus’ choice). Such a discrepancy is firmly attested in Almagest IV 1] 
(see p. 214n. 72), and cannot plausibly be removed by emendation, though this 
has been done (by Ideler and others) in the interest of consistency. In fact it is 
impossible to make all of Hipparchus’ ‘Kallippic cycle’ dates in the Almagest 
consistent with one another (see p. 224 no. 13), and we must allow for the 
possibility that Hipparchus used different systems in different works. 

Three planetary observations in the Almagest are dated kata XaAdaiouc, 
‘according to the Chaldaeans’, with a year number and a Macedonian month 
name and day number. The year numbers show that the era used is that known 
in modern times as the Seleucid Era (dating from the year which Seleucus I 
counted as the first of his reign, -311/10), which was common throughout the 
Seleucid empire. Since the observations are undoubtedly Babylonian, the 
particular epoch used in them is, as one would expect, that known from the 
surviving Babylonian astronomical texts, 1 Nisan (April) -310 (Greeks under 
the Seleucid empire commonly used an epoch of autumn -311). The use of 
Macedonian month names has rightly been taken to show that the Babylonian 
lunar months were simply called by the names of the Macedonian months by 
the Greeks under the Seleucid empire: if one computes the date of the first day of 
the ‘Macedonian’ month from the equivalent date in the era Nabonassar given 
by Ptolemy, it coincides (with an error of no more than one day) with the 
computed day of first visibility of the lunar crescent at Babylon.” There is other 
evidence for the assimilation of the month names,”* but this is the strongest. 

Unattested outside the Almagest is the Calendar of Dionysius. This had a 


!8 Those who care to may consult Ginzel II 409-19 and Samuel, Greek and Roman Chronology, 42-9 
for details and literature. 

20 For this system see Samuel, Greek and Roman Chronology 59-60. I do not know why it is not used 
for the other three ‘Kallippic’ dates in which the days are simply numbered consecutively. 

21 These are conveniently listed in Parker-Dubberstein. 

22 For details see Samuel, Greek and Roman Chronology 140-2. However, Samuel is wrong in saying 
that the Almagest evidence proves that the assimilation was made as early as the date of the earliest 
observation (Nov. -244). In the cuneiform record from which this was derived the Babylonian 
names must have been used. It was only when this was translated into Greek (which may have been 
as much as a century later) that the Macedonian names were substituted. 
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running year count and months named after the signs of the zodiac 
(corresponding, at least approximately, to the period of the year when the sun 
was in the sign in question). The months Tauron (8 ), Didymon (11), Leonton 
(QV), Parthenon (mm), Skorpion (m ), Aigon (Y) and Hydron (#*) are attested. 
From analysis of the Almagest evidence Béckh, Sonnenkreise 286-340, showed 
that the epoch of the calendar was the summer solstice of -284. Since Thoth 1 
(Nov. 2) of -284 is the beginning of the first regnal year of Ptolemy 
Philadelphos, it is plausibly concluded that Dionysius observed in Egypt. 
Béckh’s further conclusions, that the calendar was similar to the Egyptian one 
in having 12 months of 30 days, but was modified by introducing a sixth 
epagomenal day every four years, cannot be regarded as certain, especially 
since this requires ‘emending’ some of the Almagest dates. Here, as for the 
Kallippic calendar, ‘reconstruction’ seems pointless when the evidence is so 
scanty and the likelihood of verification utterly remote.” 

One observation is dated in the Bithynian calendar of the imperial period. Like 
a number of other contemporary calendars in Asia Minor, this was simply the 
Julian calendar, with different month-names, and with the first day of the year 
Augustus’ birthday, Sept. 23. For details and literature see Samuel, Greek and 
Roman Chronology 174-5. 


(e) Ptolemy’s star catalogue 


The list of the coordinates and magnitudes of the principal fixed stars visible to 
Ptolemy poses special problems to the translator. In particular, there are 
numerous manuscript variants in the coordinates, and while one must put some 
number in the translation, it is often difficult to be certain about one’s choice. 
The solution I have adopted is (in the star catalogue only) to append an asterisk 
to any element (longitude, latitude, magnitude, description or identification) 
where there is reason to suppose that it may be incorrect (i.e. not what Ptolemy 
wrote or intended),** either because there is a plausible ms. variant, or because 
of some gross inconsistency with the astronomical facts. In such cases I give all 
significant variants known to me ina footnote. I have made no effort to record 
all variants, since most are obviously wrong. The reader who wishes to go 
further must still consult Peters-Knobel, on which I have drawn heavily, and 
which is still the best treatment of the catalogue as a whole, though badly in 
need of updating and revision in certain respects.*° 

Ptolemy lists the stars under 48 constellations, and gives for each star (1) a 
description of its location on the ‘figure’ and (sometimes) of its brightness and 
colour; (2) its longitude; (3) its latitude and direction (north or south of the 
ecliptic); and (4) its magnitude. I have followed my predecessors (notably 
Manitius) in adding to these: (a) an initial column giving a running number to 


*’ The interested reader may consult HAMA III 1067 n.2. and Samuel, Greek and Roman Chronology 
50, n.6 for further literature. 

** The lack of an asterisk does not imply that I regard the reading adopted as Ptolemy’s beyond 
any question, but only that I have no good reason to doubt it. 

25 See the strictures of Kunitzsch, Der Almagest 46. 
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the star within its constellation (stars listed at the end of some constellations by 
Ptolemy as ‘outside the constellation’, i.e. not part of the imaginary figure, are 
numbered continuously with those preceding them); (b) a final column giving 
the modern identification of the star. For those stars which have them, this is the 
Bayer letter or Flamsteed number. Certain fainter stars have neither; for these I 
give the number in the Yale Bright Star Catalogue (abbreviated as ‘BSC’). 
From that publication those interested can find the corresponding number in 
the Durchmusterung and the Henry Draper and Boss General Catalogues. I 
have abandoned all references to the antiquated Piazzi catalogue (still used by 
Peters-Knobel). 

I have used Roman numerals to number the constellations, and refer to 
individual stars (throughout the translation) by the combination of Roman and 
Arabic numerals (thus ‘catalogue XX XIX 2’ refers to the second star in the 
thirty-ninth constellation (Canis Minor), namely Procyon). 

The star descriptions pose numerous individual problems, only a few of 
which are touched on in the footnotes. Ideally one should provide a 
reconstruction of the outline of each constellation as it appears on Ptolemy’s 
star-globe. Unfortunately no one has done the necessary work of assembling 
and comparing all the literary and iconographic evidence from antiquity and 
from the derivative Arabic tradition (notably as-Sufi). This would be an 
interesting and valuable enterprise. Meanwhile, for the reader who needs some 
visual illustration, I can recommend only the old work of Bayer, Uranometria, 
with the warning that in many cases his positioning of the stars on the figures, 
and the outlines of the figures themselves, are certainly different from 
Ptolemy’s.*° On the matter of the orientation of the figures, I have satisfied 
myself that Ptolemy describes them as if they were drawn on the inside of 'a globe, 
as seen by an observer at the centre of that globe, and facing towards him. This 
is in agreement with what Hipparchus says (Comm. in Avat. 145): ‘for all the stars 
are described in constellations (Hotéptotar) from our point of view, and as if 
they were facing us, except for such of them as are drawn in profile’ 
(kataypagov, as interpreted by Manitius, whom I follow dubiously). It is in 
this sense that we must interpret ‘left hand’, ‘right leg’, etc. This has to be said, 
since on the actual star globes the constellations were necessarily drawn on the 
outside. Hence the orientation of the figures was (at least in some cases) reversed, 
which could lead to confusion.*’ I have rendered the prepositions used by 
Ptolemy in indicating the positions of stars with respect to parts of the figures 
consistently, as follows: 


in = év 
on = nl 
over = 0mép 


26 The work of Thiele, Antike Himmelsbilder, is very little help, although I have referred to it to 
illustrate some particulars. 

27Cf£ the scholion on Aratus, Maass, Comm. in Arat. p. 384 no. 251: ‘the signs look inward with 
respect to the heavens. . . but they have their backs to the globe, so that their faces may be seen. 
Hence, if he says “right hand” or “‘left hand” and we find the opposite on the globe, we should not 
be confounded.’ 
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above = énadvw 
under = O16 
below = broxdatw 
just over = KaTa& + genitive 
advance, in advance = mponyovpevoc 
rear, to the rear = EMOpEVOG 


On the meaning of the last two terms see below p. 20. Note that ‘rear’ is never 
used in a sense other than directional. To indicate the back parts of an animal 
figure I use ‘hind’. 

Both longitudes and latitudes are given, not in degrees and minutes, but in 
degrees and fractions of a degree. I have retained this in the translation (see p. 
7). With very few exceptions, the longitudes are not given more accurately 
than to é°. (This has been taken to imply that the ecliptic ring of Ptolemy’s 
instrument was graduated only every 10’). However, one frequently finds the 
fractions 4° and 4° for the latitudes. 

The latitudes in Ptolemy’s list are preceded by the direction (Bo = Bdpetoc, 
‘northern’; vo = vottoc, ‘southern’). I have rendered these by + and - 
respectively. 

The magnitudes range (according to a system which certainly precedes 
Ptolemy, but is only conjecturally attributed to Hipparchus) from 1 to 6. 
Ptolemy indicates intermediate magnitudes by adding (after the number) 
peiCwv, ‘greater’ or EAGooav, ‘less’ (abbreviated in the mss.). I have rendered 
these by > and < (before the number) respectively. One occasionally finds for 
the magnitude, instead of a number, the remark Gpavpdc (rendered ‘f.’ for 
‘faint’) or veged. (for vepedoetdric), ‘nebulous’, abbreviated as ‘neb.’ 

For the identifications, wherever Peters-Knobel and Manitius are in 
agreement, I have usually been content to adopt their opinion. Where they 
differ (and even when they agree, in some special cases) ,?° I have checked the 
possibilities as carefully as I could, using the large-scale Atlas of the Heavens by 
Betva¥, and transforming Ptolemy’s coordinates to right ascension and 
declination at the modern epoch, where necessary. However, I have made no 
attempt to redo the work of Peters and Knobel, namely to compute the 
longitude and latitude of the relevant stars for Ptolemy’s time from modern 
data (in particular using the most up-to-date values for the proper motions). This 
might be worth while, though I doubt whether the degree of improvement over 
Peters-Knobel would justify the large amount of computation. In any case, it is 
unlikely that it would eliminate the doubts that remain about the identification 
of many of the fainter stars. 

At the end of each constellation in the mss. are listed the total number of stars 
in the constellation, and the sub-totals of each magnitude. These in turn are 
added up at various intermediate points (the northern segment, the zodiac, and 
the southern segment), and the grand totals are given at the end. I am 


*® Notably, where Ptolemy describes a star as a ‘nebulous mass’ (vegedoeiSi}¢ ovetpoy), I have 
preferred to give the globular cluster (abbreviated “CGlo’) or galactic cluster (abbreviated ‘CGafl’) 
rather than some particular star inside it. 
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convinced that this was not done by Ptolemy (who makes no mention of it in his 
description of the catalogue, VII 4 pp. 339-40). Another indication of the 
spuriousness of these passages is that no separate count is made in the totals of 
the stars which are greater (>) or less (<<) than a certain magnitude: all are 
lumped in with the stars of that magnitude. I have translated the passages in 
question, but enclosed them in brackets thus: { _ }. 


(f) Explanations of special terms 


(i) Geometrical 


by subtraction (Aovnds -1 -6v): literally ‘the remaining [part]’, ‘remainder’ 
(I have on occasion so rendered it). 


by addition (6X0 -y -Ov): literally ‘the total’. 


Crd x: chord of the angle x° (R = 60°). Greek has no word with the specific 
meaning ‘chord’, but uses the generic ev0eta, ‘straight line’. ‘Crd x’ renders } 
TaG x LOipac bnoTEivovoa EvGeta, ‘the straight line subtending x degrees’. 

In connection with the Menelaus Theorem (see p. 18), an expression of the 
type ‘Crd arc 2AB’ represents 1] O26 tHv dinAHv tic AB nepigepe_tac, literally 
‘the [line] subtended by the double of arc AB’. 


supplement, supplementary arc (1) KMeimovea [Aon] €ic¢ TO NLKOKALOV TEPLPEPEtA): 
literally ‘the arc which is the remainder to the semi-circle’. 


complement (AOINN Eig TO TEeTAaPTHPOPLOV): literally, “the remainder to the 
quadrant’. 


|| literally, ‘is similar to’. Used of arcs of different-sized circles. Arc AB|| arc GD 
if each arc is the same fraction of its circle. 


||| (coyadvidv got): literally, ‘has [all] its angles equal to’, i.e. is similar to (used 
only of triangles). 


= (iodmevpov E071): literally ‘has its sides equal to’, i.e. is congruent to. Used 
only of spherical triangles. Sometimes iGoyoviov Kat iGOTAELPOV EOTL, ‘has its 
angles and sides equal to’. 


Q,E.D. (6nep et SiGe): literally ‘which is what it was required to prove’. 


componendo (ovvOévtt). Expresses the operation of addition of ratios: if 
a: b=c:d, then (a+ b):b = (c + d):d. 


dividendo (S1eAOvt1, Kata Staipeoiw) (1) Usually expresses the operation of 
subtraction of ratios: ifa: b=c: d, then (a- b): b= (c- d):d. 
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(2) Once, at XII 1 (see p. 558 n.4) dteAdvt1 expresses division of members of 
ratios. Ifa: b=c: d, then; : b=: d. 


Menelaus Configuration and Menelaus Theorem (used only in the footnotes and 
explanatory additions). Cf. HAMA 26-9. Fig. B represents a Menelaus 
Configuration. m,n,r and sare four great circle arcs on the surface of the sphere, 
intersecting each other as shown, and divided by the intersections into the parts 
m,, My etc. (thus m = m, + my etc.) In I 10 Ptolemy proves the theorems 


I Crd2m Crd2r (Crd 2s, 


Crd2m, Crd 2r, ~ Crd 2s 


II Crd 2r,  Crd2m, Crd 2n 
—$_$__—_— _ = —_—_ x —__—__.. 
Crd 2r, Crd2m, Crd 2n, 


Since it is known that these were discovered by Menelaus, Neugebauer has 
named them ‘Menelaus Theorem I’ and ‘Menelaus Theorem IT’ respectively, 


and I follow him, abbreviating to ‘M.T.I.’ and ‘M.T.IP. 


(ii) Spherical astronomy 


(at) sphaera recta (én OpOTc Hs S@aipac) and (al) sphaera obliqua (én 
éyKEKAlMEvys THs opaipac). These mediaeval Latin terms are the literal 
translations of the Greek, meaning ‘on the upright sphere’ and ‘on the inclined 
sphere’ respectively. Probably taken from the use of celestial globes, they refer 
to the phenomena which occur when the celestial equator is perpendicular to 
the local horizon (sphaera recta) or inclined to it at an acute angle (sphaera 
obliqua). In particular, we use rising-time at sphaera recta or right ascension, and 
rising-time at sphaera obliqua or oblique ascension to designate the arc of the equator 
which crosses the horizon together with a given arc of the ecliptic (e.g. one 
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zodiacal sign) at sphaera recta (i.e. at the terrestrial equator), and at sphaera 
obliqua (i.e. any other terrestrial latitude) respectively. 


equator represents l\ONMEPIVOG (KUKAOG), literally ‘circle of equal day’, so called 
for the reason Ptolemy gives in I 8 (pp. 45-6). 


meridian represents pEOnMBpivdc (KUKAOG), literally ‘midday circle’ (defined 
and explained at I 8 p. 47). Meridian passage of a heavenly body is called 
culmination. The Greek terms for culminate and culmination, pecoupavetv, 
pEcovpavnotc, mean literally ‘being in the middie of the heaven’. upper and lower 
culmination are expressed by bnép yfjv and bn0 y7\v, meaning ‘above the earth’ 
and ‘below the earth’ respectively, and sometimes so translated. 


An altitude circle is any circle drawn through the zenith perpendicular to the 
horizon. Ptolemy has no special term for this in the Almagest, merely saying 
‘the (great) circle drawn through the zenith (through the poles of the horizon)’, 
e.g. II 12, HI 166, 20-1. 


colure. This term is used by Ptolemy only once, at II 6 p. 83. I translate part of 
Manitius’ note on that passage: Two of the circles of declination through the 
poles of the equator are named ‘colure’ (k6A0vpoc): the solsticial colure, which 
goes through the solstices and hence carries the poles of the ecliptic, and the 
equinoctial colure. These two colures divide the sphere into four equal parts 
and divide both ecliptic and equator into four quadrants, so that one quadrant 
corresponds to each season of the year. Ptolemy counts the solsticial colure as 
boundary of the daily revolution [18 pp. 46-7, where however the term ‘colure’ 
is not used], but never explicitly mentions the equinoctial colure. Both colures 
were already defined by Eudoxus (Hipparchus, Comm. in Arat. 117 ff.) The term 
is explained by Achilles, /sagoge 27 (Maass, Comm. in Arat. 60) as follows: “They 
are called colures because they appear to have their tails cut off as it were 
(keKoAovo8at wdonep tac ovpdc), since we cannot see the parts of them 
beginning at the antarctic, always invisible parallel’. 


It is unfortunate that we have to use the same word /atztude to refer both to the 
celestial coordinate (vertical to the ecliptic) and to the unrelated terrestrial 
coordinate. Ptolemy uses, for the former mAdtoc, and for the latter KAipa, 
literally ‘inclination’. When necessary I gloss this e.g. as ‘[terrestrial] latitude’. 
KAipa, however, does not refer to the coordinate as such (for which Ptolemy uses 
éyxAipa, HI 68,9, éyxAvotc, HI 101,23 or, once, nAdtoc, HI 188,4), but toa 
specific ‘band’ of the earth where the same phenomena (e.g. length of longest 
daylight) are found. Hence in early Hellenistic times arose the notion of the 
division of the known world (the oikovpévn) into 7 standard climata (see 
HAMA 334 ff., 11 727 ff. and Honigmann, Die sieben Klimata). This is reflected in 
several places in the Almagest, e.g. in Table IT 13. I refer to these seven standard 
parallels by Roman numerals, e.g. Clima IV = the parallel through Rhodes, 
longest day 143 hours. 
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(iii) Referring to the heavenly bodtes 


As Ptolemy explains in I 8, in his system the whole heavens are conceived as 
rotating from east to west, making one revolution daily. The direction defined 
by this motion, and the direction counter to it, are called ic Ta TPONyOUpEVA 
(‘towards the leading [parts]’) and eicg ta Endpeva (‘towards the following 
[parts]’) respectively. The corresponding adjectives mponyovpevog and 
éx6pevoc are also found, particularly in the star catalogue, and Ptolemy 
frequently uses the phrases sig Ta mponyobueva (EndpEva) TOV C@diov, 
‘towards the leading (following) [parts] of the zodiacal signs’, to indicate the 
direction of motion in the ecliptic. A modern reader may find this confusing: 
since the normal motion of bodies in the ecliptic is from west to east, what we 
regard as forward motion, e.g. ofa planet, is described as ‘towards the following 
[parts]’ (‘towards the rear’ in my translation). No version of these terms in a 
modern language is satisfactory. One cannot use ‘west’ and ‘east’ because these 
must be reserved tor Ptolemy’s dvopat and &dvatokat, which are confined to 
situations where a terrestrial observer is implied. It is a distortion to translate 
(with Manitius) ‘in the reverse order of the signs’ and ‘in the order of the signs’, 
since this implies that the terms define ecliptic coordinates, whereas they are in 
the equatorial system, and while it is usually true that a celestial object which 
mponyeitat (‘leads’) another will have a lesser ecliptic longitude, if their 
latitudes differ greatly the reverse may be true, especially at very high ecliptic 
latitudes. Precisely this situation occurs in the star catalogue, despite Ptolemy’s 
own statement at VII 4 p. 340 that the terms in the catalogue define ecliptic 
coordinates (see n.93 there). Although I am aware that my choice too has its 
drawbacks, I have settled on in advance for €icg Ta TPONYOULEVG, and towards the 
rear for €ic Ta EMOpeva. These always imply ‘with respect to the daily motion 
from east to west’, with the paradoxical consequence, as remarked above, that 
in the ecliptic a body which is ‘in advance’ of another has a lesser longitude. 
However, I have committed an inconsistency in translating the derived noun 
MPONynotc as retrogradation. This is used only for the portion of the courses of the 
five planets in which they reverse their normal direction of motion, and it would 
be too confusing to render this by ‘motion in advance’. 


ecliptic. Ptolemy never refers to this circle by the term €xXeintiKd¢ (which he con- 
fines strictly to the meaning ‘having to do with eclipses’). His normal term is6 814 
wéEowV TOV Cwdtav (KUKAOG), ‘the (circle) through the middle of the zodiacal 
signs’ (e.g. HI 18,23-4); more fully, 6 Ado Kai 616 pEDwV TOV C@diwv KUKAOC, 
‘the inclined circle through the middle of the signs’ (HI 64,4). Occasionally, 
when the context is clear, simply A6&o¢ KbKAO<, ‘inclined circle’ (HI 8,22). 
However, the latter can be used for other things, notably the moon’s orbit 
(which is ‘inclined’ to the ecliptic). I normally use ‘ecliptic’ throughout. 


[zodiacal] sign. The conventional subdivision of the ecliptic into twelve 30° 
stretches named Aries, Taurus, etc. For this Ptolemy uses, not Cadiov (‘animal 
sign’), but d@deKatnpoptov (‘twelfth’), presumably because he wishes to 
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distinguish the ecliptic, a notional circle, from the zodiac, a band of actual 
constellations. 


star. The Greek term dot1p really means ‘heavenly body’, and can be used 
indifferently for a star (in the modern sense), a planet, or even the sun and 
moon. When Ptolemy wishes to distinguish what we call stars, he says ‘fixed 
stars’. I have normally translated Gotyp according to the context, as ‘planet’, 
‘star’ or ‘body’. However, in I 3-8, where Ptolemy uses the term to include all 
heavenly bodies, I too have used star in this special sense. When naming the five 
planets, Ptolemy almost always uses the periphrasis ‘star of . .’, thus 6 ToU 
Kpovov [dotrp], ‘[star] of Kronos’. I always translate simply ‘Saturn’ etc. 


latitude (celestial). mMAtOG (literally ‘breadth’) refers not only to ‘the direction 
orthogonal to the ecliptic’, but to any ‘vertical’ direction, e.g. that normal to the 
equator. In such cases I use, not ‘latitude’, but another appropriate term (see I 
12 p. 63 with n. 74). In VII 3, however, I have been forced to use ‘latitude’ to 
express the more general meaning of the Greek (see p. 329 n.55). 


Ptolemy uses ExKevtpoc as both adjective and noun. It may be that in the latter 
case one has always to understand Exxevtpoc KUKAoc, ‘eccentric circle’. 
However, to avoid ambiguity, I have (following mediaeval usage) consistently 
denoted the noun by eccentre and the adjective by eccentric. An ‘eccentre’ is simply 
an eccentric circle. Similarly for concentre and concentric. 


I have occasionally used the convenient mediaeval term deferent to denote the 
circle on which an epicycle is ‘carried’. Ptolemy has no one-word equivalent, 
but uses phrases like ‘the concentric carrying the epicycle’, ‘the circle carrying 
ie 


anomaly. As noted e.g. by Pedersen (139 with n.9), dv@padia in the Almagest 
has a number of different meanings. Despite the ambiguity, I have generally 
rendered Gv@paAia and the adjective from which it is derived, dvapadroc, by 
‘anomaly’, ‘anomalistic’, although where necessary I have translated the latter 
literally as ‘non-uniform’. Besides referring to non-uniform motion, ‘anomaly’ 
is also used for the mean (hence uniform) motion of the moon and planets on 
their epicycles (because the motion on the epicycle produces the appearance ot 
‘non-uniformity’). For the planets Ptolemy distinguishes between the synodic 
anomaly (4 Mpdc Tov TALOV Gv@padia, ‘the anomaly with respect to the sun’, 
HII 255,8), which produces the phenomena of retrogradation and varies with 
the planet’s elongation from the sun, and the ecliptic anomaly (Gwdiaxn 
a&vopadia, HII 258,11), which varies according to the planet’s position in the 
ecliptic. 


equation. I use this convenient mediaeval term for the angle (or arc) to be applied 
to a mean motion to ‘correct’ it to account for a particular feature of the 
geometric model. Ptolemy uses the vaguer terms 6 did@opov ‘difference’ (which 
is also used for many other things) and npoo8agaipectc (‘amount to be added 
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or subtracted’). equation of anomaly refers to the correction for the varying 
position of a body on its epicycle, and equation of centre (only in the footnotes, not 
the text) to the correction due to the eccentricity of a planet’s deferent. 


centrum. I have occasionally used this mediaeval term in the footnotes to denote 
the angular distance from apogee (see below) to the centre of the epicycle. 


elongation (4m0x1}) is the angular distance along the ecliptic between two bodies 
or points. It is used particularly, but not exclusively, for the ecliptic distance 
between sun and moon. 


apogee and perigee are simply transcriptions of dndye.ov and neptyetov, literally 
‘[point] far from earth’ and ‘[point] near to earth’. These are the usual terms for 
the points on a body’s orbit which are respectively farthest from and nearest to 
the terrestrial observer. Ptolemy also uses the superlative forms Gmoyetotatov 
(nEptyelotatov) onpeEtov (‘point farthest from (nearest to) earth’), with no 
obvious difference in meaning. However, in the case of Mercury, translation of 
both by ‘perigee’ generates an ambiguity. For all other bodies, in Ptolemy’s 
models, the perigee is diametrically opposite the apogee, but for Mercury the 
point of closest approach is about 120° from apogee. Ptolemy still refers to the 
point 180° from apogee as the ‘perigee’ (meptyetov) for Mercury, and when he 
wants to refer to the point of that planet’s closest approach uses the superlative 

.(mepiyetdtatos). I have mitigated the ambiguity by translating the latter, not 
as ‘perigee’, but as ‘closest to earth’ (for Mercury alone). 


phase. Used for the fixed stars and planets, this is simply a transcription of pdoic, 
and is a general term including all the significant ‘configurations with respect to 
the sun’ (listed by Ptolemy at VIII 4 pp. 409-10, and exemplified in his partially 
extant work pdoEtc dTAAVOV GotéEpwv, ‘Phases of the Fixed Stars’), such as first 
visibility at sunset, or last visibility just before dawn. But the literal meaning of 
@aoig is ‘appearance’, and Ptolemy also uses it to mean specifically ‘first 
visibility’ of a body after a period of invisibility. To avoid ambiguity, I have 
translated the latter case by ‘first visibility’, reserving ‘phase’ for the general 
term. 


(iv) Referring to sun and moon 


conjunction is a fairly literal rendering of obvodoc (‘meeting’), but opposition 
renders NavoéANVOs (literally ‘full moon’, which occurs when sun and moon 
are in opposition). syzygy is a transcription of the convenient ovCvyia (Literally 
‘yoking together’), a general term to denote either or both conjunction and 
opposition. In eclipses the partial phases are denoted by immersion (EuntMoic, 
‘falling in’, the phase from the beginning of the eclipse to totality) and emersion 
(avanAnpwors, ‘filling up again’, the phase from the end of totality to the end of 
the eclipse). ‘The total phase is denoted by povy (‘remaining’) and rendered by 
duration (of totality). 
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(v) Time-reckoning 


Ptolemy often uses the term vvy81jpEpov, which combines the Greek words for 
night and day, to mean the ‘solar day’ of 24 hours. There is no such convenient 
term in English. I have generally translated it day when no ambiguity is pos- 
sible, but have occasionally resorted to periphrasis (e.g. II 3 p. 79 = HI 96, 7-9). 
Since we use clocks, we reckon time by the mean solar day of uniform jength, 
the average time taken by the sun to go from one meridian crossing to the next. 
In antiquity, where the normal means of telling time was the sundial, it was 
usually reckoned by the true solar day, of varying length, the time taken by the 
sun to go from one meridian crossing to the next on a specific day. In iII 9 
Ptolemy explains why they are different, and how to transform one into the 
other. He uses the terms OpaAd vuyOrpepa (‘uniform days’) and dvépara 
vvx8rpEpa (‘non-uniform days’) for mean and true solar days respectively. 
When he is talking about intervals, he often refers to those measured in true 
solar days as ‘reckoned simply’, and those measured in mean solar days as 
‘reckoned accurately’. 


The kind of hours normally used in the ancient world were seasonal hours (Spar 
Ka1piKai), sometimes known as ‘civil hours’. An hour was oth of the actual 
length of daylight or night-time at a given place, and hence the length of an 
nour varied according to terrestrial latitude and time of year, and a day-hour 
was of different length from a night-hour except at equinox. For astronomical 
purposes, however, the uniform auth of a day was used; these were known as 
equinoctial hours (Spar ionpepivai), because they were the same length as the 
seasonal hour at equinox. If an ordinal number is attached to an hour, it 
indicates a seasonal nour, counted from dawn (or sunset, if specified by ‘of 
night’ or py the context). Thus ‘the sixth hour’ is the same as noon. 


time-degrees. Another way of measuring time was by the amount of the celestial 
equator which had passed a bound (horizon or meridian). This was often con- 
nected with the rising-times of ecliptic arcs (see pp. 18-19). This measurement 
was in degrees. Since 360° of the equator cross the meridian in about one day, 
one ‘time-degree’ equals sth of an equinoctial hour or 4 minutes. The Greek 
term is ypO6vot ionpeptvoi (‘equatorial times’), sometimes abbreviated to 
ypovot (‘times’). 


(vi) Other 


mean (uéGOG) can imply ‘of average length’ (as in ‘mean synodic month’) or 
‘uniform’ (as in ‘mean motion in longitude’). 


hypothesis. With some hesitation, I have used this to translate 0Und8Eotc, 
although the connotation in the Almagest never really coincides with the 
modern one. Whereas we use ‘hypothesis’ to denote a tentative theory which 
has still to be verified, Ptolemy usually means by b168eo1¢ something more like 
‘model’, ‘system of explanation’, often indeed referring to ‘the hypotheses 
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which we have demonstrated’. The word still retains much of the etymological 
meaning of ‘basis on which something else is constructed’. The corresponding 
verbal forms are broti®etar, bnoKettat, which I have frequently translated, 
not only as ‘assume’, but even as ‘it is given’. They are standard terms of Greek 
geometry in this sense at least as eariy as Euclid. 


6. Editorial procedures 


Since the translation is based principally on the Teubner text of Heiberg (see p. 
3), it is keyed to that edition by the addition of Heiberg’s page numbers tn the 
margin. There and elsewhere references to Heiberg are preceded by ‘H’. Thus 
HI 236,15 means ‘Heiberg’s edition, Vol. I p. 236 line 15’. Where the context 
makes it unnecessary the volume number is omitted. 

Brackets are used as follows. Square brackets { | enclose explanatory 
additions to or expansions of the Greek text by the translator. Curved brackets 
{ } enclose passages which I believe to be later additions to Ptolemy’s original 
text. Parentheses ( _) are used merely for clarity, better to express the author’s 
sequence of thought. 

As explained on p. 5, I believe the list of chapter headings preceding each 
book to be a later addition. Nevertheless, since these serve a useful purpose, I 
have grouped them together at the beginning (pp. 27-32) to serve as a table of 
contents. 

I have made no effort to provide a continuous commentary, but refer the 
reader to the relevant sections in Olaf Pedersen’s A Survey of the Almagest 
(abbreviated ‘Pedersen’) and O. Neugebauer’s A History of Ancient Mathematical 
Astronomy (abbreviated HAMA). My footnotes are confined to particulars not 
treated by them, or requiring some elaboration, and to textual corrections. In 
Appendix A, however, I have provided worked examples of every type of 
problem (including, where it is not utterly trivial, the use of the tables) which 
arises in the Almagest, except where Ptolemy himself gives a worked example. 
Where possible, my example is taken from a calculation or observation actually 
occurring in the Almagest. Appendix B lists all my corrections to Heiberg’s text. 
Appendix C discusses the problem of the derivation of Ptolemy’s planetary 
mean motions, which has never been adequately treated. 

The index includes all proper names occurring in the text, and certain 
selected topics (mostly taken from the Introduction and footnotes). It also 
contains all observations recorded in the Almagest, under the topic or body 
concerned (e.g. ‘equinox’, ‘moon’). For a list of the observations in chrono- 
logical order the reader is referred to Pedersen’s Appendix A. 

In drawing the diagrams I have tried to reproduce the manuscript tradition, 
while at the same time making the figures as clear as possible by marking the 
points unambiguously. Since there is often considerable variation in the 
manuscript representations, I have been forced to make many choices; but I 
have not ‘modernized’ the figures. Where a figure seemed inadequate, I have 
not changed it, but have added an explanatory one of my own. Such 
explanatory (and other supplementary) figures are distinguished by alpha- 
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betical numbering (‘Fig. A’ etc.), whereas figures reproduced from the 
manuscripts are numbered according to the book and the order within that 
book (thus ‘Fig. 3.10’ indicates that this is the tenth diagram in Book III; in the 
manuscripts they are not usually numbered, but where they are, they are 
numbered separately in each book). I have represented the Greek letters of the 
figures by the following system: 


el oc es 


I 
K 
A 
M 
N 
O 


7. Other conventional symbols and abbreviations 


eccentricity 

radius of epicycle or body 

length of longest day in hours 

length of shortest day in hours 

radius of principal circle (e.g. of deferent) 
(1) right ascension (see p. 18) 

(2) anomaly (see p. 21) 

celestial latitude 

declination 

obliquity of ecliptic 

elongation 

equation 

inclination of orbit (of moon or planet) 
‘centrum’, i.e. distance from apogee (see p. 22) 
longitude 

(1) oblique ascension (see p. 18) 

(2) geocentric distance 

1) terrestrial latitude 

w distance from northpoint on orbit 


a 7Aeeee 


1) Get py SS ee Sy Gi) a fee) 


A bar over a letter denotes ‘mean’, thus A = ‘mean longitude’. 


The following are used in a raised position (e.g. 2°) to denote units: 


d days 
h equinoctial hours 
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m months 


y years 

p ‘parts’, i.e. the arbitrary units in trigonometrical calculations (see pp. 
7-9) 

a degrees 


oo"  demitdegrees(2-° = 1°, seep: 8) 
% degrees per day 


In the star catalogue only, * indicates some doubt about the reading. For other 
abbreviations particular to the star catalogue see p. 341 n.95. 


Kodiacal signs 
(P Aries 7? 0° = 0° in longitude 
8 Taurus SOs Oe 
OW Gemini = oe 
Zs Cancer > 02— 0002 
{N Leo GQ) 0° = 120° 
m Virgo m 0° = 150° 
2 Tabra = 0° = 180° 
™, Scorpius m OF = 2102 
7 Sagittarius ¢ US 2h 
Vy Capricornus Ye Ge = 270° 
“¢ Aquarius x 0° = 300° 
© Pisces >< 0° = 3008 
Planetary symbols 
h Saturn 
Y Jupiter 
@ Mars 
Q Venus 
$ Mercury 
© Sun 
) Moon 
Other astronomical symbols 
@ Earth 


st ascending node 
UV descending node 


On ‘sexagesimal’ representations such as 6,13;10,0,58 see pp. 6-7. 


For the mathematical symbols || and||| (both meaning ‘is similar to’) and = (‘is 
congruent to’) see p. 17. 


For ‘M. T. IP and ‘M. T. IP see p. 18. 


For manuscript abbreviations see pp. 3-4. 


Contents of the Almagest' 


page 
BOOK I 
1. Preface oo 
2. On the order of the theorems eit) 
3. That the heavens move like a sphere 38 
4. That the earth, too, taken as a whole, is sensibly spherical 40 
5. That the earth is in the middle of the heavens 4} 
6. That the earth has the ratio of a point to the heavens 43 
7. That the earth does not have any motion from place to place, 
either 43 
8. That there are two different primary motions in the heavens 45 
9. On the individual concepts 47 
10. On the size of chords 48 
11. Table of chords 57 
12. On the arc between the solstices 61 
13. Preliminaries for spherical proofs 64 
14. On the arcs between the equator [and the ecliptic] 69 
15. Table of inclination iy 
16. On rising-times at sphaera recta 71 
BOOK II 
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Book I 


1. {Preface}* a 


The true philosophers, Syrus,’ were, I think, quite right to distinguish the 
theoretical part of philosophy from the practical. For even if practical 
philosophy, before it is practical, turns out to be theoretical,® nevertheless one 
can see that there is a great difference between the two: in the first place, it is 
possible for many people to possess some of the moral virtues even without being 
taught, whereas it is impossible to achieve theoretical understanding of the 
universe without instruction; furthermore, one derives most benefit in the first 
case [practical philosophy] from continuous practice in actual affairs, but in the 
other [theoretical philosophy] from making progress in the theory. Hence we 
thought it fitting to guide our actions (under the impulse of our actual ideas[of 5 
what is to be done}) in such a way as never to forget, even in ordinary affairs, to 
strive for a noble and disciplined disposition, but to devote most of our time to 
intellectual matters, in order to teach theories, which are so many and 
beautiful, and especially those to which the epithet ‘mathematical’ is particu- 
larly applied. For Aristotle divides theoretical philosophy too, very fittingly, 
into three primary categories, physics, mathematics and theology.’ For 
everything that exists is composed of matter, form and motion; none of these 
[three] can be observed in its substratum by itself, without the others: they can 
only be imagined. Now the first cause of the first motion of the universe, if one 
considers it simply, can be thought of as an invisible and motionless deity; the 
division [of theoretical philosophy] concerned with investigating this [can be 
called] ‘theology’, since this kind of activity, somewhere up in the highest 
reaches of the universe, can only be imagined, and is completely separated from 


* This ‘philosophical’ preface and its relationship to Ptolemy’s attitude to philosophy is discussed 
by Boll, Studien 68-76, to which the reader is referred for the relevant passages in ancient literature. 
The general standpoint is Aristotelian. 

° Syrus is also the addressee of a number of other works by Ptolemy (see Toomer[5] 187). Nothing 
is known about him. The name is very common in (but not confined to) Greco-Roman Egypt. The 
statement in a scholion to the Tetrabiblos (quoted by Boll, Studien 67, n. 2) that some say he was a 
fictitious person, others that he was a doctor, merely reveals that he was equally unknown in late 
antiquity. : 

6 Theon in his commentary (Rome II 320, 13-14) gives@not. . . copPeByKévar tH npaKtiKd 16 
NPOTEPOV AdTOD TOD HBewpNTIKOD toy yavetv. This is a paraphrase rather than a different reading, 
but shows thet he understood the text as I have translated it. By this obscure expression I take 
Ptolemy to mean that before actually practising virtues one must have some concept of them (even 
though this is innate rather than taught). ve a 

7E. g. Metaphysics E I, 1026a 18 ff, dote tpeic dv elev pirocogiat BewpntiKkat, pabnpatrKn, 
vO1KH, GEoAoyiKh. 
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perceptible reality. The division [of theoretical philosophy] which investigates 
material and ever-moving nature, and which concerns itself with ‘white’, ‘hot’, 
‘sweet’, ‘soft? and suchlike qualities one may call ‘physics’; such an order of 
being is situated (for the most part) amongst corruptible bodies and below the 
lunar sphere. That division [of theoretical philosophy] which determines the 
nature involved in forms and motion from place to place, and which serves to 
investigate shape, number, size, and place, time and suchlike, one may define as 
‘mathematics’. Its subject-matter falls as it were in the middle between the 
other two, since, firstly, it can be conceived of both with and without the aid of 
the senses, and, secondly, it is an attribute of all existing things without 
exception, both mortal and immortal: for those things which are perpetually 
changing in their inseparable form, it changes with them, while for eternal 
things which have an aethereal® nature, it keeps their unchanging form 
unchanged. 

From all this we concluded:* that the first two divisions of theoretical 
philosophy should rather be called guesswork than knowledge, theology 
because of its completely invisible and ungraspable nature, physics because of 
the unstable and unclear nature of matter; hence there is no hope that 
philosophers will ever be agreed about them; and that only mathematics can 
provide sure and unshakeable knowledge to its devotees, provided one 
approaches it rigorously. For its kind of proof proceeds by indisputable 
methods, namely arithmetic and geometry. Hence we were drawn to the 
investigation of that part of theoretical philosophy, as far as we were able to 
the whole of it, but especially to the theory concerning divine and heavenly 
things. For that alone is devoted to the investigation of the eternally 
unchanging. For that reason it too can be eternal and unchanging (which is a 
proper attribute of knowledge) in its own domain, which is neither unclear nor 
disorderly. Furthermore it can work in the domains of the other [two divisions 
of theoretical philosophy] no less than they do. For this is the best science to help 
theology along its way, since it is the only one which can make a good guess at 
[the nature of] that activity which is unmoved and separated; [it can do this 
because] it is familiar with the attributes of those beings'® which are on the one 
hand perceptible, moving and being moved, but on the other hand eternal and 
unchanging, [I mean the attributes] having to do with motions and the 
arrangements of motions. As for physics, mathematics can make a significant 
contribution. For almost every peculiar attribute of material nature becomes 
apparent from the peculiarities of its motion from place to place. [Thus one can 
distinguish] the corruptible from the incorruptible by [whether it undergoes] 
motion in a straight line or in a circle, and heavy from light, and passive from 
active, by [whether it moves] towards the centre or away from the centre. With 


*‘aethereal’ (aiBepadnc) has a precise meaning in Aristotelian physics: everything above the 
sphere of the moon is composed of an ‘incorruptible’ substance, unlike anything known on earth in 
its consistency (very thin) and in its natural motion (circular). See I 3 p. 40. One of the names for 
this substance is ‘aether’, another ‘fifth essence’. See Campanus IV n. 56, pp. 394-5. 

*In this exaltation of mathematics above the other two divisions of philosophy Ptolemy parts 
company with Aristotle, for whom theology was the most noble pursuit for the human mind. 

‘The heavenly bodies. 
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regard to virtuous conduct in practical actions and character, this science, 
above all things, could make men see clearly; from the constancy, order, 
symmetry and calm which are associated with the divine, it makes its followers 
lovers of this divine beauty, accustoming them and reforming their natures, as it 
were, to a similar spiritual state. 

It is this love of the contemplation of the eternal and unchanging which we 
constantly strive to increase, by studying those parts of these sciences which 
have already been mastered by those who approached them in a genuine spirit 
of enquiry, and by ourselves attempting to contribute as much advancement as 
has been made possible by the additional time between those people and 
ourselves.'! We shall try to note down” everything which we think we have 
discovered up to the present time; we shall do this as concisely as possible and in 
a manner which can be followed by those who have already made some progress 
in the field.'’ For the sake of completeness in our treatment we shall set out 
everything useful for the theory of the heavens in the proper order, but to avoid 
undue length we shall merely recount what has been adequately established by 
the ancients. However, those topics which have not been dealt with [by our 
predecessors] at all, or not as usefully as they might have been, will be discussed 
at length, to the best of our ability. 


2. {On the order of the theorems} 


In the treatise which we propose, then, the first order of business is to grasp the 
relationship of the earth taken as a whole to the heavens taken as a whole."* In 
the treatment of the individual aspects which follows, we must first discuss the 
position of the ecliptic’? and the regions of our part of the inhabited world and 
also the features differentiating each from the others due to the [varying] 
latitude at each horizon taken in order.'® For if the theory of these matters is 
treated first it will make examination of the rest easier. Secondly, we have to go 
through the motion of the sun and of the moon, and the phenomena 
accompanying these [motions];’’ for it would be impossible to examine the 
theory of the stars'® thoroughly without first having a grasp of these matters. 
Our final task in this way of approach is the theory of the stars. Here too it 
would be appropriate to deal first with the sphere of the so-called ‘fixed stars’! 


11 This notion of the advancement of science, and particularly astronomy, by the additional time 
available is one to which Ptolemy recurs in the epilogue (XIII 11 p. 647), and also, in a specifically 
astronomical context, at VII 1 p. 321] and VII 3 p. 329. 

2 $ropvynpatioacbar. A brépvnpe is a ‘memoir’, usually implying summary brevity. Ptolemy 
recurs to this too in the epilogue (XIII 11 p. 647). . 

13 Ptolemy assumes that his readers will have a certain competence. See Introduction p. 6. 

141 3-8, On the logic of Ptolemy’s order see Introduction pp. 5-6. 

15T 12-16. The mathematical section I 10-11 is not specifically mentioned here. 

"© Book II. 

17 Books II-VI. 

18 ‘Stars’ here and throughout chs. 3-8 includes both fixed stars and planets (see Introduction p. 
21) and also, sometimes, sun and moon. 

' Books VII-VIIL. 
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and follow that by treating the five ‘planets’, as they are called.”° We shall try to 
provide proofs in all of these topics by using as starting-points and foundations, 
as it were, for our search the obvious phenomena, and those observations made 
by the ancients and in our own times which are reliable. We shall attach the 
subsequent structure of ideas to this [foundation] by means of proofs using 
geometrical methods. 

The general preliminary discussion covers the following topics: the heaven is 
spherical in shape, and moves as a sphere; the earth too is sensibly spherical in 
shape, when taken as a whole; in position it lies in the middle of the heavens very 
much like its centre; in size and distance it has the ratio ofa point to the sphere of 
the fixed stars; and it has no motion from place to place. We shal! briefly discuss 
each of these points for the sake of reminder. 


3. {That the heavens move like a sphere}*' 


It is plausible to suppose that the ancients got their first notions on these topics 
from the following kind of observations. They saw that the sun, moon and other 
stars were carried from east to west along circles which were always parallel to 
each other, that they began to rise up from below the earth itself, as it were, 
gradually got up high, then kept on going round in similar fashion and getting 
lower, until, falling to earth, so to speak, they vanished completely, then, after 
remaining invisible for some time, again rose afresh and set; and [they saw] that 
the periods of these [motions], and also the places of rising and setting, were, on 
the whole, fixed and the same. 

What chiefly led them to the concept of a sphere was the revolution of the 
ever-visible stars, which was observed to be circular, and always taking place 
about one centre, the same [for all]. For by necessity that point became [for 
them] the pole of the heavenly sphere: those stars which were closer to it 
revolved on smaller circles, those that were farther away described circles ever 
greater in proportion to their distance, until one reaches the distance of the stars 
which become invisible. In the case of these, too, they saw that those near the 
ever-visible stars remained invisible for a short time, while those farther away 
remained invisible for a long time, again in proportion [to their distance]. The 
result was that in the beginning they got to the aforementioned notion solely 
from such considerations; but from then on, in their subsequent investigation, 
they found that everything else accorded with it, since absolutely all 
phenomena are in contradiction to the alternative notions which have been 
propounded. 

For if one were to suppose that the stars’ motion takes place in a straight line 
towards infinity, as some people have thought,” what device could one 


2° Books [X-XIH. 
21 See Pedersen 36-7. 
*? According to Theon’s commentary (Rome II 338) this belief was Epicurean, but I know of no 


other evidence. The only other relevant passage appears to be Xenophanes, Diels-Kranz A41a (the 
sun really moves towards infinity). 
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conceive of which would cause each of them to appear to begin their motion 
from the same starting-point every day? How could the stars turn back if their 
motion is towards infinity? Of, if they did turn back, how could this not be 
obvious? [On such a hypothesis}, they must gradually diminish in size until they 
disappear, whereas, on the contrary, they are seen to be greater at the very 
moment of their disappearance, at which time they are gradually obstructed 
and cut off, as it were, by the earth’s surface. 

But to suppose that they are kindled as they rise out of the earth and are 
extinguished again as they fall to earth is a completely absurd hypothesis.”* For 
even if we were to concede that the strict order in their size and number, their 
intervals, positions and periods could be restored by such a random and chance 
process; that one whole area of the earth has a kindling nature, and another an 
extinguishing one, or rather that the same part fof the earth} kindles for one set 
of observers and extinguishes for another set; and that the same stars are already 
kindled or extinguished for some observers while they are not yet for others: 
even if, Isay, we were to concede all these ridiculous consequences, what could 
we say about the ever-visible stars, which neither rise nor set? Those stars which 
are kindled and extinguished ought to rise and set for observers everywhere, 
while those which are not kindled and extinguished ought always to be visible 
for observers everywhere. What cause could we assign for the fact that this is not 
so? We will surely not say that stars which are kindled and extinguished for 
some observers never undergo this process for other observers. Yet it is utterly 
obvious that the same stars rise and set in certain regions [of the earth} and do 
neither at others. 

To sum up, if one assumes any motion whatever, except spherical, for the 
heavenly bodies, it necessarily follows that their distances, measured from the 
earth upwards, must vary, wherever and however one supposes the earth itself 
to be situated. Hence the sizes and mutual distances of the stars must appear to 
vary for the same observers during the course of each revolution, since at one 
time they must be at a greater distance, at another ata lesser. Yet we see that no 
such variation occurs. For the apparent increase in their sizes at the horizons”* is 
caused, not by a decrease in their distances, but by the exhalations of moisture 
surrounding the earth being interposed between the place from which we 
observe and the heavenly bodies, just as objects placed in water appear bigger 
than they are, and the lower they sink, the bigger they appear. 

The following considerations also lead us to the concept of the sphericity of 
the heavens. No other hypothesis but this can explain how sundial constructions 
produce correct results; furthermore, the motion of the heavenly bodies is the 
most unhampered and free of all motions, and freest motion belongs among 


23 Theon (Rome II 340) ascribes this to Heraclitus. Otherwise it is attested for Xenophanes (Diels- 
Kranz A38), and was admitted as one possible explanation by Epicurus (e.g. Letter to Pythocles 92) 
and his followers. 

24 Ptolemy refers to the well-known phenomenon that the sun and moon appear larger when close 
to the horizon. He gives an incorrect physical and optical explanation here. In a later work (Optics 
III 60, ed. Lejeune p. 116) he correctly explains it as a purely psychological phenomenon. No doubt 
instrumental measurement of the apparent diameters had convinced him that the enlargement is 
entirely illusory. 
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plane figures to the circle and among solid shapes to the sphere; similarly, since 
of different shapes having an equal boundary those with more angles are greater 
[in area or volume], the circle is greater than [all other] surfaces, and the sphere 
greater than [all other] solids;”° [likewise] the heavens are greater than all other 
bodies. 

Furthermore, one can reach this kind of notion from certain physical 
considerations. E.g., the aether is, of all bodies, the one with constituent parts 
which are finest and most like each other; now bodies with parts like each other 
have surfaces with parts like each other; but the only surfaces with parts like each 
other are the circular, among planes, and the spherical, among three- 
dimensional surfaces. And since the aether is not plane, but three-dimensional, 
it follows that it is spherical in shape. Similarly, nature formed all earthly and 
corruptible bodies out of shapes which are round but of unlike parts, but all 
aethereal and divine bodies out of shapes which are of like parts and spherical. 
For if they were flat or shaped like a discus*® they would not always display a 
circular shape to all those observing them simultaneously from different places 
on earth. For this reason it is plausible that the aether surrounding them, too, 
being of the same nature, is spherical, and because of the likeness of its parts 
moves in a circular and uniform fashion. 


4. {That the earth too, taken as a whole, is sensibly spherical}*’ 


That the earth, too, taken as a whole,”® is sensibly spherical can best be grasped 
from the following considerations. We can see, again, that the sun, moon and 
other stars do not rise and set simultaneously for everyone on earth, but do so 
earlier for those more towards the east, later for those towards the west. For we 
find that the phenomena at eclipses, especially lunar eclipses,** which take 
place at the same time [for all observers}, are nevertheless not recorded as 
occurring at the same hour (that is at an equal distance from noon) by all 
observers. Rather, the hour recorded by the more easterly observers is always 
later than that recorded by the more westerly. We find that the differences in 
the hour are proportional to the distances between the places [of observation]. 
Hence one can reasonably conclude that the earth’s surface is spherical, 
because its evenly curving surface (for so it is when considered as a whole) cuts 
off [the heavenly bodies] for each set of observers in turn in a regular fashion. 

If the earth’s shape were any other, this would not happen, as one can see 
from the following arguments. If it were concave, the stars would be seen rising 
first by those more towards the west; if it were plane, they would rise and set 


*° These propositions were proved in a work by Zenodorus (early second century BC, see 
Toomer{1}) from which extensive excerpts are given by (among others) Theon (Rome II 355-79) 
There is a good summary in Heath HGM II 207-13. 

*° The only relevant passage I know is Empedocles, Diels-Kranz A60, who maintained that the 
moon is disk-shaped. 

27 See Pedersen 37-9. 

28‘taken as a whole’: ignoring local irregularities such as mountains, which are negligible in 
comparison to the total mass. 

*” The timings for solar eclipses are complicated by parallax. 
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simultaneously for everyone on earth, if it were triangular or square or any 
other polygonal shape, by a similar argument, they would rise and set simul- 
taneously for all those living on the same plane surface. Yet it is apparent that 
nothing like this takes place. Nor could it be cylindrical, with the curved surface 
in the east-west direction, and the flat sides towards the poles of the universe, 
which some might suppose more plausible. This is clear from the following: for 
those living on the curved surface none of the stars would be ever-visible, but 
either all stars would rise and set for all observers, or the same stars, for an equal 
[celestial] distance from each of the poles, would always be invisible for all 
observers. In fact, the further we travel toward the north, the more®® of the 
southern stars disappear and the more of the northern stars appear. Hence it is 
clear that here too the curvature of the earth cuts off [the heavenly bodies] in a 
regular fashion in a north-south direction, and proves the sphericity [of the 
earth] in all directions. 

There is the further consideration that if we sail towards mountains or 
elevated places from and to any direction whatever, they are observed to 
increase gradually in size as if rising up from the sea itself in which they had 
previously been submerged: this is due to the curvature of the surface of the 
water. 


5. {That the earth is in the middle of the heavens}* 


Once one has grasped this, if one next considers the position of the earth, one 
will find that the phenomena associated with it could take place only if we 
assume that it is in the middle of the heavens, like the centre of a sphere. For if 
this were not the case, the earth would have to be either 


[a] not on the axis [of the universe] but equidistant from both poles, or 
[b] on the axis but removed towards one of the poles, or 
[c] neither on the axis nor equidistant from both poles. 


Against the first of these three positions militate the following arguments. If 
we imagined [the earth] removed towards the zenith or the nadir of some 
observer, then, if he were at sphaera recta, he would never experience equinox, 
since the horizon would always divide the heavens into two unequal parts, one 
above and one below the earth; if he were at sphaera obliqua, either, again, 
equinox would never occur at all, or, [if it did occur,] it would not be at a 
position halfway between summer and winter solstices, since these intervals 
would necessarily be unequal, because the equator, which is the greatest of all 
parallel circles drawn about the poles of the [daily] motion, would no longer be 
bisected by the horizon; instead [the horizon would bisect} one of the circles 
parallel to the equator, either to the north or to the south of it. Yet absolutely 
everyone agrees that these intervals are equal everywhere on earth, since 
[everywhere] the increment of the longest day over the equinoctial day at the 


30 Reading mieiova (with D) for t4 mAeiova at H16,9. Corrected by Manitius. 
31See Pedersen 39-42. 
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summer solstice is equal to the decrement of the shortest day from the 
equimoctal day atthe winter solstice. But if} on the other hand, we imagined the 
displacement to be towards the east or west ofsome observer, he would find that 
the sizes and distances of the stars would not remain constant and unchanged at 
eastern and western horizons, and that the time-interval from rising to 
culmination would not be equal to the interval from culmination to setting. 
This is obviously completely in disaccord with the phenomena. 

Agamst the second position, in which the earth is imagined to lie on the axis 
removed towards one of the poles, one can make the following objections. If this 
were so, the plane of the horizon would divide the heavens into a part above the 
earth and a part below the earth which are unequal and always different for 
dierent lauitudes, ~ whether one considers the relationship of the same part at 
two ditterent latitudes or the two parts at the same latitude. Only at sphaera recta 
could the horizon bisect the sphere: at a sphaera obliqua situation such that the 
nearer pole were the ever-visible one, the horizon would always make the part 
abeve the earth lesser and the part below the earth greater; hence another 
phenomenon would be that the great circle of the ecliptic would be divided into 
unequal parts by the plane of the horizon. Yet it is apparent that this is by no 
means so. Instead, six zodiacal signs are visible above the earth at all times and 
places, while the remaining six are invisible; then again [at a later time] the 
latter are visible in their entirety above the earth, while at the same time the 
others are not visible. Hence it is obvious that the horizon bisects the zodiac, 
since the same semi-circles are cut off by it, so as to appear at one time 
completely above the earth, and at another [completely] below it. 

And tn general, ub the earth were not situated exactly below the [celestial] 
equator, but were removed towards the north or south in the direction of one of 
the poles, the result would be that at the equinoxes the shadow of the gnomon at 
sunrise would no longer torm a straight line with its shadow at sunset in a plane 
parallel to the horizon, not even sensibly.** Yet this isa phenomenon which is 
plainly observed everywhere. 

It is unmediately clear that the third position enumerated is likewise 
impossible, sinee the sorts of objection which we made to the first [two] will both 
arise in that case. 

Po sum up, if the earth did not he in the middle [of the universe], the whole 
order of things which we observe in the increase and decrease of the length of 
daylight would be fundamentally upset. Furthermore, eclipses of the moon 
would not be restricted to situations where the moon is diametrically opposite 
the sun whatever part of the heaven [the luminaries are in]), since the earth 
would often come between them when they were not diametrically opposite, 
but at intervals of less than a semi-circle. 


*Vhe word translated here and elsewhere as “{terrestrial] latitude’ is KA ipa, for the meaning of 
which see Introduction p. 19. 

“The caveat ‘sensibly* is inserted because the equinox is not a date but an instant of time. 
Pheretore on the day of equinos the sun does not rise due east and set due west (as is implied by the 
sing and setting shadows ling on the same straight line). However, the difference would be 
“unperceptible to the senses’. 
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6. {That the earth has the ratio of a point to the heavens}** 


Moreover, the earth has, to the senses, the ratio of a point to the distance of the 
sphere of the so-called fixed stars.*° A strong indication of this is the fact that the 
sizes and distances of the stars, at any given time, appear equal and the same 
from all parts of the earth everywhere, as observations of the same [celestial] 
objects from different latitudes are found to have not the least discrepancy from 
each other. One must also consider the fact that gnomons set up in any part of 
the earth whatever, and likewise the centres of armillary spheres,** operate like 
the real centre of the earth; that is, the lines of sight [to heavenly bodies] and the 
paths of shadows caused by them agree as closely with the [mathematical] 
hypotheses explaining the phenomenaas if they actually passed through the real 
centre-point of the earth. 

Another clear indication that this is so is that the planes drawn through the 
observer’s lines of sight at any point [on earth], which we call ‘horizons’, always 
bisect the whole heavenly sphere. This would not happen if the earth were of 
perceptible size in relation to the distance of the heavenly bodies; in that case 
only the plane drawn through the centre of the earth could bisect the sphere, 
while a plane through any point on the surface of the earth would always make 
the section [of the heavens] below the earth greater than the section above it. 


7. {That the earth does not have any motion from place to place, either}*" 


One can show by the same arguments as the preceding that the earth cannot 
have any motion in the aforementioned directions, or indeed ever move at all 
from its position at the centre. For the same phenomena would result as would if 
it had any position other than the central one. Hence I think it is idle to seek for 
causes for the motion of objects towards the centre, once it has been so clearly 
established from the actual phenomena that the earth occupies the middle 
place in the universe, and that all heavy objects are carried towards the earth. 
The following fact alone would most readily lead one to this notion [that all 
objects fall towards the centre]. In absolutely all parts of the earth, which, as we 
said, has been shown to be spherical and in the middle of the universe, the 
direction®® and path of the motion (I mean the proper, [natural] motion) of all 
bodies possessing weight is always and everywhere at right angles to the rigid 
plane drawn tangent to the point of impact. It is clear from this fact that, if 


34See Pedersen 42-3. 

35 Ptolemy qualifies the traditional terminology for the fixed stars as ‘so-called’ (kaAovpévov) 
because they do in fact, according to him, have a motion (the modern ‘precession’ ). He develops the 
point further at VIL 1 p. 321, q.v. In general, however, he uses the traditional! terminology without 
qualification. } a. 

36 An example of an armillary sphere (kpikwt?| opatpa) is the ‘astrolabe’ described in V 1. For 
references to the term in other works see LSJ s.v. kpikwtdc. 

37 See Pedersen 43-4. a. 

38 xpdovevoic, which I have translated ‘the direction of motion’ here, means basically ‘direction 
in which something points’ (for astronomical usages see V 5 p. 227 n. 19 and VI 11 p. 313 n. 77). 
Thus it would also include here the direction of a plumb-line (cf. I 12 p. 62). 
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[these falling objects] were not arrested by the surface of the earth, they would 
certainly reach the centre of the earth itself, since the straight line to the centre is 
also always at right angles to the plane tangent to the sphere at the point of 
intersection [of that radius] and the tangent. 

Those who think it paradoxical that the earth, having such a great weight, is 
not supported by anything and yet does not move, seem to me to be making the 
mistake of judging on the basis of their own experience instead of taking into 
account the peculiar nature of the universe. They would not, I think, consider 
such a thing strange once they realised that this great bulk of the earth, when 
compared with the whole surrounding mass [of the universe], has the ratio ofa 
point to it. For when one looks at it in that way, it will seem quite possible that 
that which is relatively smallest should be overpowered and pressed in equally 
from all directions toa position of equilibrium by that which is the greatest of all 
and of uniform nature. For there is no up and down in the universe with respect 
to itself,?? any more than one could imagine such a thing in a sphere: instead the 
proper and natural motion of the compound bodies in it is as follows: light and 
rarefied bodies drift outwards towards the circumference, but seem to move in 
the direction which is ‘up’ for each observer, since the overhead direction for all 
of us, which is also called ‘up’, points towards the surrounding surface;*° heavy 
and dense bodies, on the other hand, are carried towards the middle and the 
centre, but seem to fall downwards, because, again, the direction which is for all 
us towards our feet, called ‘down’, also points towards the centre of the earth. 
These heavy bodies, as one would expect, settle about the centre because of 
their mutual pressure and resistance, which is equal and uniform from all 
directions. Hence, too, one can see that it is plausible that the earth, since its 
total mass is so great compared with the bodies which fall towards it, can remain 
motionless under the tmpact of these very small weights (for they strike it from 
all sides), and receive, as it were, the objects falling on it. If the earth had a single 
motion in common with other heavy objects, it is obvious that it would be 
carried down faster than all of them because of its much greater size: living 
things and individual heavy objects would be left behind, riding on the air, and 
the earth itself would very soon have fallen completely out of the heavens. But 
such things are utterly ridiculous merely to think of. 

But certain people,*' [propounding] what they consider a more persuasive 
view, agree with the above, since they have no argument to bring against it, but 
think that there could be no evidence to oppose their view if, for instance, they 
supposed the heavens to remain motionless, and the earth to revolve from west 
to east about the same axis [as the heavens], making approximately one 
revolution each day;* or if they made both heaven and earth move by any 
amount whatever, provided, as we said, it is about the same axis, and in sucha 


*? Reading abtév (with D, Is) for adtrv at H23,1. 

*° It is not clear to me whether Ptolemy means the outmost boundary of the universe or merely the 
surface (of the ‘aether’) surrounding the earth. 

*! Heraclides of Pontos (late fourth century B.C.) is the earliest certain authority for the view that 
the earth rotates on its axis. See HAMA II 694-6. It was also adopted by Aristarchus as part of his 
more radical heliocentric hypothesis. 

*? ‘approximately’ because one revolution takes place in a sidereal, not a solar day. 
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way as to preserve the overtaking of one by the other. However, they do not 
realise that, although there is perhaps nothing in the celestial phenomena 
which would count against that hypothesis, at least from simpler considerations, 
nevertheless from what would occur here on earth and in the air, one can see 
that such a notion is quite ridiculous. Let us concede to them [for the sake of 
argument] that such an unnatural thing could happen as that the most rare and 
light of matter should either not move at all or should move ina way no different 
from that of matter with the opposite nature (although things in the air, which 
are less rare [than the heavens] so obviously move with a more rapid motion 
than any earthy object); [let us concede that] the densest and heaviest objects 
have a proper motion of the quick and uniform kind which they suppose 
(although, again, as all agree, earthy objects are sometimes not readily moved 
even by an external force). Nevertheless, they would have to admit that the 
revolving motion of the earth must be the most violent of all motions associated 
with it, seeing that it makes one revolution in such a short time; the result would 
be that all objects not actually standing on the earth would appear to have the 
same motion, opposite to that of the earth: neither clouds nor other flying or 
thrown objects would ever be seen moving towards the east, since the earth’s 
motion towards the east would always outrun and overtake them, so that all 
other objects would seem to move in the direction of the west and the rear. But if 
they said that the air is carried around in the same direction and with the same 
speed as the earth, the compound objects in the air would none the less always 
seem to be left behind by the motion of both [earth and air]; or if those objects 
too were carried around, fused, as it were, to the air, then they would never 
appear to have any motion either in advance or rearwards: they would always 
appear still, neither wandering about nor changing position, whether they were 
flying or thrown objects. Yet we quite plainly see that they do undergo all these 
kinds of motion, in such a way that they are not even slowed down or speeded up 
at all by any motion of the earth. 


8. {That there are two different primary motions in the heavens}** 

It was necessary to treat the above hypotheses first as an introduction to the 
discussion of particular topics and what follows after. The above summary 
outline of them will suffice, since they will be completely confirmed and further 
proven by the agreement with the phenomena of the theories which we shall 
demonstrate in the following sections. In addition to these hypotheses, it is 
proper, as a further preliminary, to introduce the following general notion, that 
there are two different primary motions in the heavens. One of them is that 
which carries everything from east to west: it rotates them with an unchanging 
and uniform motion along circles parallel to each other, described, as 1s 
obvious, about the poles of this sphere which rotates everything uniformly. The 
greatest of these circles is called the ‘equator’,** because it is the only [such 


*3 See Pedersen 45. . 
*4 ‘equator’: ionpeptvos, literally ‘of equal day’ or ‘equinoctial’. See Introduction p. 19. 
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parallel circle] which is always bisected by the horizon (which isa great circle), 
and because the revolution which the sun makes when located on it produces 
equinox everywhere, to the senses. The other motion is that by which the 
spheres of the stars perform movements in the opposite sense to the first motion, 
about another pair of poles, which are different from those of the first rotation. 
We suppose that this is so because of the following considerations. When we 
observe for the space of any given single day, all heavenly objects whatever are 
seen, as far as the senses can determine, to rise, culminate and set at places 
which are analogous and lie on circles parallel to the equator; this is 
characteristic of the first motion. But when we observe continuously without 
interruption over an interval of time, it is apparent that while the other stars 
retain their mutual distances and (for a long time) the particular characteristics 
arising from the positions they occupy as a result of the first motion,* the sun, 
the moon and the planets have certain special motions which are indeed 
complicated and different from each other, but are all, to characterise their 
general direction, *° towards the east and opposite to [the motion of] those stars 
which preserve their mutual distances and are, as it were, revolving on one 
sphere. 

Now if this motion of the planets too took place along circles parallel to the 
equator, that is, about the poles which produce the first kind of revolution, it 
would be sufficient to assign a single kind of revolution to all alike, analogous to 
the first. For in that case it would have seemed plausible that the movements 
which they undergo are caused by various retardations, and not by a motion in 
the opposite direction. But as it is, in addition to their movement towards the 
east, they are seen to deviate continuously to the north and south [of the 
equator}. Moreover the amount of this deviation cannot be explained as the 
result of a uniformly-acting force pushing them to the side: from that point of 
view it is irregular, but it is regular if considered as the result of [motion on] a 
circle inclined to the equator. Hence we get the concept of sucha circle, which is 
one and the same for all planets, and particular to them. It is precisely defined 
and, so to speak, drawn by the motion of the sun, but it is also travelled by the 
moon and the planets, which always move in its vicinity, and do not randomly 
pass outside a zone on either side of it which is determined for each body. Now 
since this too is shown to be a great circle, since the sun goes to the north and 
south of the equator by an equal amount, and since, as we said, the eastward 
motion of all of the planets takes place on one and the same circle, it became 
necessary to suppose that this second, different motion of the whole takes place 
about the poles of the inclined circle we have defined [i.e. the ecliptic], in the 
opposite direction to the first motion. 

If, then, we imagine a great circle drawn through the poles of both the above- 
mentioned circles, (which will necessarily bisect each of them, that is the 
equator and the circle inclined to it [the ecliptic], at right angles), we will have 
four points on the ecliptic: two will be produced by [the intersection of] the 


*’ These characteristics of the fixed stars are e.g. dates of first and last visibility. They are 
unchanged ‘for a long time’ because the effect of precession is very slow. 
“The qualification is inserted here to allow for the retrogradations of the planets. 
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equator, diametrically opposite each other; these are called ‘equinoctial’ 
points. The one at which the motion [of the planets] is from south to north is 
called the ‘spring’ equinox, the other the ‘autumnal’. Two [other points] will be 
produced by [the intersection of] the circle drawn through both poles; these too, 
obviously, will be diametrically opposite each other; they are called ‘tropical’ 
for ‘solsticial’] points. The one south of the equator is called the ‘winter’ 
[solstice], the one north, the ‘summer’ [solstice]. 

We can imagine the first primary motion, which encompasses all the other 
motions, as described and as it were defined by the great circle drawn through 
both poles [of equator and ecliptic] revolving, and carrying everything else with 
it, from east to west about the poles of the equator. These poles are fixed, so to 
speak, on the ‘meridian’ circle, which differs from the aforementioned [great] 
circle in the single respect that it is not drawn through the poles of the ecliptic 
too at all positions of the latter. Moreover, it is called ‘meridian’ because it is 
considered to be always orthogonal to the horizon.*” For a circle in such a 
position divides both hemispheres, that above the earth and that below it, into 
two equal parts, and defines the midpoint of both day and night. 

The second, multiple-part motion is encompassed by the first and encom- 
passes the spheres of all the planets. As we said, it is carried around by the 
aforementioned [first motion], but itself goes in the opposite direction about the 
voles of the ecliptic, which are also fixed on the circle which produces the first 
motion, namely the circle through both poles [of ecliptic and equator]. 
Naturally they {the poles of the ecliptic] are carried around with it {the circle 
through both poles], and, throughout the period of the second motion in the 
opposite direction, they always keep the great circle of the ecliptic, which is 
described by that [second] motion, in the same position with respect to the 
equator. *® 


9. {On the indiwidual concepts} 


Such, then are the necessary preliminary concepts which must be summarily set 
out in our general introduction. We are now about to begin the individual 


demonstrations, the first of which, we think, should be to determine the size of 


the arc between the aforementioned poles [ofthe ecliptic and equator] along the 
great circle drawn through them. But we see that it is first necessary to explain 
the method of determining chords:*? we shall demonstrate the whole topic 
geometrically once and for all. 


47 See Introduction p.19. - 
48 My translation follows the interpretation of Theon (Rome II 447). Manitius (p. 24 n. a) 


wrongly considers tov ypapopévon 41’ avthsc peyiotouv Kai AoGoU KvKAOD interpolated, partly 
because he misinterprets ouvtnpovotv (which is used here in a way similar to ovvtnpovoav at HI 
6,10). a 

49 ‘chords’: literally ‘straight lines in a circle’. On this term see Introduction p. 17. 
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48 I 10. Calculation of chord table 
10. {On the size of chords}*° 


For the user’s convenience, then, we shall subsequently set out a table of their 
amounts, dividing the circumference into 360 parts, and tabulating the chords 
subtended by the arcs at intervals of halfa degree, expressing each as a number 
of parts in a system where the diameter is divided into 120 parts. [We adopt this 
norm] because of its arithmetical convenience,’! which will become apparent 
from the actual calculations. But first we shall show how one can undertake the 
calculation of their amounts by a simple and rapid method, using as few 
theorems as possible, the same set for all. We do this so that we may not merely 
H32 have the amounts of the chords tabulated unchecked, but may also readily 
undertake to verify them by computing them by a strict geometrical method. In 
general we shall use the sexagesimal system for our arithmetical computations, 
because of the awkwardness of the [conventional] fractional system. Since we 
always aim at a good approximation, we will carry out multiplications and 
divisions only as far as to achieve a result which differs from the precision 
achievable by the senses by a negligible amount. 
First, then, [see Fig. 1.1] let there be asemi-circle ABG about centre D and on 
diameter ADG. Draw DB perpendicular to AG at D. Let DG be bisected at E, 
join EB, and let EZ be made equal to EB. Join ZB. 


B 


ee D E G 


Fig. 1.1 


I say that ZD is the side of the [regular] decagon, and BZ the side of the 
[regular] pentagon. 
[Proof:] Since the straight line DG is bisected at E, and a straight line DZ is 
adjacent to it, 
je) GZ.ZD #ED* = EZ** 
But EZ* = BE? (EB = ZE), 
and EB* = BD? 4 DES 
- GZ.ZD + ED? = E73 BR? 


°°On Ptolemy’s calculation of his chord table see HAMA 21-4, Pedersen 56-63. 

*! The principal convenience is that the radius is 60 parts, or 1,0 in the sexagesimal system. Hence 
in some ways this resembles a sine table with R = 1, 

* Euclid II 6. 
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“. GZ.ZD = DB? (subtracting ED?, common). 
-. GZ.ZD = DG’. 

So ZG has been cut in extreme and mean ratio at D.™ 

Now since the side of the hexagon and the side of the decagon, when both are 
inscribed in the same circle, make up the extreme and mean ratios of the same 
straight line,** and since GD, being a radius, represents the side of the 
hexagon,” DZ is equal to the side of the decagon. 

Similarly, since the square on the side of the pentagon equals the sums of the 
squares on the sides of the hexagon and decagon when all are inscribed in the 
same circle,”® and, in the right-angled triangle BDZ, the square on BZ equals 
the sum of the squares on BD, which is the side of the hexagon, and on DZ, 
which is the side of the decagon, it follows that BZ equals the side of the 
pentagon. 

Since, then, as I said, we set the diameter of the circle as 120 parts, it follows 
from the above that 

DE = 30° (DE half the radius) 
and DE? = 900°: 
BD = 60° (BD a radius) 
and BD? = 3600°. 
And EZ? = EB?’ = 4500", the sum [of DE? and BD?] 
« EL 67;4,55° 
and by subtraction [of DE from EZ], DZ = 37;4,55°. 
So the side of the decagon, which subtends 36°, has 37;4,55° where the diameter 
has 120°. 


Again, since DZ = 37;4,55°, 
DY eer a) ae 
and DB? = 3600°, 
so BZ? = DZ? + DB? = 4975;4,15°. 
+ Ba 710'32.3°. 

Therefore the side of the pentagon, which subtends 72°, contains 70;32,3° 
where the diameter has 120°. 

It is immediately obvious that the side of the [inscribed] hexagon, which 
subtends 60° and is equal to the radius, contains 60°. 

Similarly, since the side of the [inscribed] square, which subtends 90°, is 
equal, when squared, to twice the square on the radius, and since the side of the 
[inscribed] triangle, which subtends 120°, is equal, when squared, to three times 
the square on the radius, and the square on the radius is 3600", we compute that 

the square on the side of the square is 7200° 

and the square on the side of the triangle is 10800". 


53 Euclid VI Def. 3 states that ‘a straight line has been cut in extreme and mean ratio when, as the 
whole line is to the greater segment, so is the greater to the less’; i.e. here ZG:DG = DG:ZD. 

4 Euclid XIII 9. 

55 Euclid IV 15 porism. 

56Euclid XIII 10. 

57 The reading 14 (for 15) occurs as a marginal variant, in the Greek mss., here and at related 
places (see apparatus at H34,16; 34,18; 36,4 and 36,7), and, in the Arabic, in T, and was adopted in 
Hajjaj’s translation. It is more accurate, but makes no difference to the final result. 
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‘ O m= 3 Pp 
ta, taal Aa where the diameter is 120”. 

We can, then, consider the above chords as established individually by the 
above straightforward procedures. It will immediately”® be obvious that if any 
chord be given, the chord of the supplementary arc is given ina simple fashion, 
since the sum of their squares equals the square on the diameter. For instance, 
since the chord of 36° was shown to be 37;4,55°, and the square of this is 
1375;4,15°, and the square on the diameter is 14400", the square on the chord of 
the supplementary are (which is 144°) will be the difference, namely 
13024;55,45, and so 


Crd 144° 114;7;37°. 


Similarly for the other chords [of the supplements]. 

We shall next show how the remaining individual chords can be derived from 
the above [chords], first of all setting out a theorem which is extremely useful for 
the matter at hand. 

[See Fig. 1.2.] Let there be a circle with an arbitrary quadrilateral ABGD 
inscribed in it. Join AG and BD. 


Bie 1:2 


We must prove that 


AG.BD = AB.DG + AD.BG.°° 
[Proof:} Make Z ABE = Z DBG. 


Then, if we add Z EBD common, 
Z ABD = Z EBG. 


58 Reading abtd@ev (with D) for tvteDOev at H35,18. 

°° This proposition, commonly known as ‘Ptolemy’s Theorem’, is not in fact attested before him. 
It remains uncertain whether any of the earlier chord tables (e.g. Menelaus’) used any geometrical 
basis beyond the half-angle theorem (see n. 60 and Toomer({2] 18-19). 
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But 2 BDA = Z BGE also, since they subtend the same segment. 
“. triangle ABD ||| triangle BGE. 
-. BG:GE = BD:DA. -_ 
-. BG.AD = BD.GE: i) — 
Again, since Z ABE = Z DBG, eee ; 
and Z BAE = Z BDG, 3 
triangle ABE ||| triangle BGD. 
-. BA:AE = BD:DG. 
-. BA.DG = BD.AE. 
But it was shown that 
BG.AD = BD.GE. 
Therefore, by addition, AG.BD = AB.DG + AD.BG. 
OVE: 
Having established this preliminary theorem, we draw [Fig. 1.3] semi-circle 
ABGD on diameter AD, and draw from A two chords, AB, AG, each given in 
size in terms of a diameter of 120°. Join BG. 


I say that BG too is given. 
[Proof:] Join BD,GD. 


Figs 


Then, clearly, BD and GD too will be given, since they are chords of [arcs] 
supplementary [to the arcs of the given chords AB and AG]. 
Now since ABGD is a cyclic quadrilateral, 

AB.GD + AD.BG = AG.BD. 
But AG.BD and AB.GD are given. 
”. AD.BG is given by subtraction. 
And AD is a diameter. 

Therefore chord BG is given. 

And we have shown that, if two arcs and the corresponding chords are given, 
the chord of the difference between the two arcs will also be given. 

It is obvious that by means of this theorem we shall be able to enter [in the 
table] quite a few chords derived from the difference between the individually 
calculated chords, and notably the chord of 12°, since we have those of 60° and 


72, 


leks 


H38 


H39 


H+40 


52 1 10. Chord of the half-arc 


Let us now consider the problem of finding the chord of the are which is halt 
that of some given chord.°? 

Let{Fig. 1.4] ABG be a semi-circle on diameter AG, Let GB bea given chord. 
Bisect are GB at D, join AB, AD, BD, DG, and drop perpendicular DZ trom D 
on to AG. 


Fig. 14 


I say that 
ZG = 3(AG — AB). 
{Proof:] Let AE = AB, and join DE. 
Then since {in the triangles ABD, ADE] 
’ AB = AE, and AD is common, 
the two pairs of sides AB, AD, and AE, AD are equal. 
Furthermore Z BAD = Z EAD. 
. base BD = base DE. 
But BD = DG [by construction] 
-» DG = DE. 
So, since, in the isosceles triangle DEG, perpendicular DZ has been drawn 
from apex to base 
BZ = ZG. 
But EG = [AG — AE = ] AG — AB. 
-. ZG =3(AG — AB). 
Now, if the chord of are BG is given, the supplementary chord AB is 
immediately given. 
Therefore ZG, which is (AG - AB), is also given. 
But, since, in the right-angled triangle AGD, the perpendicular DZ has been 
drawn, 
triangle ADG ||| triangle DGZ (both right-angled).*' 
-- AG:GD = GD:GZ. 
ACGCZ = Cb*. 


® Although Ptolemy's formula for the chord of the half-angle can easily be derived from his 
general theerem sec Poomer[2] 16-17), he introduces instead anorher theorem, which goes back te 
Archimedes (see H.A4/4 23-4). It isa plausible inference that this is because the latter theorem was 
the sole basis of earher chord tables, notably Hipparvhus’, ay 1 have argued, Poomer{2} 18-19 


"'Euchd V1 8. 
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But AG.GZ is given. 
Therefore GD? given, and 969 chord GD, which subtends an are half of {the are 
of the given chord] BG, is also given. 

By means of this theorem too a large number of chords will be derived by 
halving [the arcs off the previously determined chords, and notably, from the 
Chord of 12%, the chords of 6%, 3°, 17° and %°. By calculation we find the chord of 
Leo te be approximately 1:34.15" where the diameter is 120", and the chord of 27 
to be approximately 0;47,8” in the same units. 

Again, [see Fig. 1.9] let there be a circle ABGD on diameter AD, with centre 
7. rom A let there be cut off in succession two given ares, AB, BG. Join the 
corresponding chords AB, BG; they too will be given. 


Fig. 1.5 


I say, that if we join AG, that [chord] too will be given. 

{Proof:| Draw through B diameter BZE, and jom BD,DG,GE,DE. It is 
immediately clear that from BG one can derive GE, and from AB one can 
derive BD and DE [all as chords of the supplementary arc]. By an argument 
similar to the preceding [p. 51], since BODE is a cyclic quadrilateral, in which 
BD and GE are diagonals, the product of the diagonals will be equal to the sum 
of the products of the opposite sides [i.e. BD.GE = BG.DE + BE.GD]. There- 
fore, since (BD.GE), and (BG.DE, are both given, (BE.GD) is also given. But 
BE also is given, being a diameter: therefore the remaining” part, GD, will also 
be given, and hence GA, the [chord of the] supplement. 

Therefore, if two arcs and the corresponding chords are given, the chord 
corresponding to the sum of these two ares will be given by means of this 
theorem. 

It is obvious that by combining [in this way] the chord af 12° with all the 
chords we have already obtained, and then computing successive chords, we 
will be able to enter [in the table] all chords [of arcs] which when doubled are 


62 Reading f 2.ounn (with A) at H42,1 for Kou (‘by subtraction’). 
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54 1 10. Lemma on ratios of arcs and chords 


divisible by three [i-e. multiples of 13°]. Then the only chords remaining to be 
determined will be those between the 13° intervals, two in each interval, since 
our table is made at 3° intervals. If, therefore, we can find the chord of 3°, this 
will enable us to complete [the table with] all the remaining intermediate 
chords, by finding the sum or difference fof 3°] from the given chords at either 
end of the {13°] intervals. Now, if a chord, e.g. the chord of 13°, is given, the 
chord corresponding to an arc which is one-third of the previous one cannot be 
found by geometrical methods.” (If this were possible, we shouid immediately 
have the chord of 3°). Therefore we shall first derive the chord of 1° from those of 
13° and 4°. {We shail do this] by establishing a lemma which, though it cannot 
in general exactly determine the sizes [of chords], in the case of such very small 
quantities can determine them with a negligibly small error. 

I say, then, that if two unequal chords be given, the ratio of the greater to the 
lesser is less than the ratio of the arc on the greater to the arc on the lesser. 

[See Fig. 1.6] Let there be a circle ABGD, in which there are drawn two 
unequal chords, the lesser AB and the greater BG. 


I say that 


GB:BA < arc BG: arc BA. 


[Proof:] Let Z ABG be bisected by [chord] BD. Join AEG, AD and GD. Then, 
since Z ABG is bisected by chord BED, 
GD=AD 
and GE >EA.® 


° This is true: the problem of finding Crda from given Crd 3a can be reduced to a cubic equation 
of the kind which cannot (except for a few particular values ofa) be solved by Euclidean geometry 
(using straight line and circle). See Toomer{3] 138. 

** Derivable from Euclid VI 3, which states that the bisector of the angle at the apex ofa triangle 
divides the base in the ratio of the two sides enclosing the angle. Here, since BG > BA, GE > EA. 
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So drop perpendicular DZ from D on to AEG. 

Then, since AD > ED and ED> DZ, acircle drawn on centre D with radius 
DE will cut AD and pass beyond DZ. Let it be drawn as HEO, and let DZ be 
produced to @. Now, since sector DE® is greater than triangle DEZ, and 
triangle DEA is greater than sector DEH, 

triangle DEZ: triangle DEA< sector DEO: sector DEH. 
But triangle DEZ: triangle DEA = EZ:EA,® 
and sector DE®: sector DEH = Z ZDE:Z EDA. 
- ZE:EA<Z ZDE:Z EDA. 
So, componendo, 
ZEA ZDAZ ADE. 

And, doubling the first members [of the ratios], 

GA:AE< Z GDA:Z EDA. H45 

Then, dividendo, 

GE:EA< Z GDE:Z EDA. 

But GE:EA = GB:BA,® 
and Z GDB:Z BDA = arc GBzarc BA. 
--GB:BA < arc GB:arc BA. 

Having established this, let us draw [Fig. 1.7] circle ABG, and in it two 
chords, AB and AG. Let us suppose, first, that AB is the chord of 2° and AG the 
chord of 1°. Then, since 


B 


Fig. |.7 


AG:BA < arc AG:arc AB 


4 arc AB 
and arc AG = ae 


4AB 
GA << K 


65 Euclid VI 1. 
66 Buclid VI 3. 
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But, in units of which the diameter contains 120, we showed that 
AB = 0;47,8°. 
 GA< 1;2,50 (for 1;2,50 © 7.0;47.8). 
H46 Again, using the same figure, let us set AB as the chord of 1° and AG as the 
chord of 13°. By the same argument, since 


But, in units of which the diameter contains 120, we showed that 
AG = 13495. 
-. AB >1;2,50? (for 1;34,15 = 3.1;2,50). 

Therefore, since the chord of 1S was shown to be both greater and less than the 
same amount, we can establish it as approximately 1:2.50° where the diameter 
is 120°. By the preceding propositions we can also establish the chord of 2°, 
which we find to be approximately 0:31.25". The remaining intervals can [new] 
be completed, as we said [p. 54]. For example, in the first [ 13°] interval, we ean 
calculate the chord of 2° by using the addition formula for the chord of # applied 
to the chord of 1}°, while the chord of 25° is given by using the difference formula 
for [the chord of #°] applied to the chord of 3°. Similarly for the remaining 
chords. 

Such, then, I think, is the easiest wav to undertake the calculation of the 

H47_— chords. But, as I said, in order that we may have the actual amounts of the 
chords readily available tor every occasion, we shall set out tables [for that 
purpose] below. They will be arranged in sections of 45 lines™ to achieve a 
symmetrical appearance. The first column [in each section] will contain the 
ares tabulated at intervals of #°, the second the corresponding chords in units of 
which the diameter contains 120. and the third the thirtieth part of the 
increment in the chord tor each interval. [Vhis last] is so that we may have the 
average increment corresponding to one minute fof are]. whieh will net be 
sensibly different trom the true increment [for each minute]. Thus we can easily 
calculate the amount of the chord corresponding to fractions which fall between 
the [tabulated] half-degree intervals. 

It is easy to see that, if we suspeet some seribal corruption in one of the values 
for the chord in the table, the same theorems which we have already set out will 
enable us to test and correct it easily, either by taking the chord of double the 
are [of that] of the chord in question. or trom the difference with seme other 
given chord, or from the chord of the supplement. 

The layout of the table is as follows. 


H48—63 11. {Table of Chords} 
[See pp. 57-60. ] 


*45 lines is the standard height of tables throughout the A/magest. It is presumably chosen to 
conform tosome standard height of papyrus roll (on papyrus standards see Lewis, Papyrus in Classical 
Antiquity, 36-9, 56, on Pliny .VH 13, 78). Various consequences flow from it, notably the 18-vear 
interval in mean motion tables (see III 1 p. 140 with n. 28>. 
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°8 Ptolemy’s chord table has been recomputed, using a computer program which reproduces, as 
far as possible, Ptolemy’s own methods of calculation, by Glowatzki and Géttsche. Although much 
of their book is superfluous (see my review, Toomer{(4)]), it contains some interesting results, notably 
that Ptolemy must have carried out his calculations to five sexagesimal places to achieve the 
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46 24 19 
46 
22 


accuracy he does in the third place. The book also enables one to make a number of corrections of 
scribal errors in the table. Before seeing it I had already made those given below. None of the other 
corrections (all of 1 in the last place) suggested by the authors seem likely to me, although some are 
possible. 

Corrections to Heiberg’s text: 


Crd 9°, seconds, vd (with D, Ar) for va (51) at H48,20 (corrected by Hultsch, Sehnentafeln 52) 
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4 

4 

4 

4 

4 

4 

4 

4 

4 
41 8 
40 55 
40 42 
993 91 35 17 40 30 
100 91 55 32 40 17 
1003 : 92 15 40 40 4 
101 92 35 42 0 39 52 
92 55 38 0 39 39 
93 15 27 0 39 26 
93 35 11 0 39 13 
93 54 47 039 0 
94 14 17 0 38 47 

at 
94 33 41 0 38 34 
94 52 58 0 38 21 
95 12 9 0 38 8 
95 31 13 0 37 55 
95 50 11 0 37 42 
9% 9 2 0 37 29 
96 27 47 0 37 16 
96 46 24 O27 2 
97 4 55 0 36 50 
97 23 20 0 36 36 
97 41 38 0 36 23 
97 59 49 0 36 9 
98 17 54 0 35 56 
98 35 52 0 35 42 
98 53 43 0 35 29 
0 
0 


Crd 72°, seconds, y (with all mss. except D) for 6 (4) at H54,10 (cf. H35,1 and p. 81 n. 19; corrected 
by Manitius) 

Crd 883°, minutes, 16 (with Ar) for po (41) at H55,43. 

Crd 97°, seconds, k® (with D, Ar) for KC (27) at H56,15 

Crd 108°, seconds, ve (with D, Ar) for v¢ (56) at H57,37 

Crd 1183°, seconds, 15 (with Ar) for pa (41) at H58,13 

Crd 143°, seconds, vg (with D, Ar) for kc (26) at H60,17. 
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I 12. Determination of obliquity of ecliptic 61 


12. {On the arc between the solstices}®® 


Now that we have tabulated the chords, our first task, as we said, is to determine 
the inclination of the ecliptic to the equator, that is, the ratio of the great circle 
through the poles of both to the are intercepted between the poles. It is obvious 
that this is equal to the distance from the equator to either of the solsticial 
points. This quantity can be determined directly by an instrumental method, 
using the following simple apparatus.”° [See Fig. C.] 


Fig. C 


We make a bronze ring of a suitable size, turned on the lathe so that its surface 
is accurately squared off [i.e. has a rectangular cross-section]. We use this as a 
meridian circle, by dividing it into the normal 360° of a great circle, and 
subdividing each degree into as many parts as [the size of the instrument] 
allows. Then we take another smaller ring, and fit it inside the first in such a 


6°Qn Ptolemy’s determination of the obliquity of the ecliptic see Britton[2]. 

70 On the instruments described by Ptolemy here see Price, Precision Instruments, 587-9. There isa 
very detailed ancient description of the construction and use of the ring instrument by Proclus, 
Hypotyposis III 5-27 (ed. Manitius pp. 42-52). 


H64 


H65 


H66 


62 I 12. Construction of meridian ring and plaque 


manner that the lateral faces of both are in the same plane, while the smaller 
ring can rotate freely inside the larger, with a north-south motion, [always] in 
the same plane. At two diametrically opposite points on one lateral face of the 
smaller ring we fix [two] little plates, of equal size, pointing towards each other 
and the centre of the rings, and exactly in the middle of the width of each 
plate we fix small pointers, which graze the surface of the larger, graduated 
ring. To serve all the necessary purposes we fix this ring firmly on a pillar of 
appropriate size, and set it up in the open air, so that the base of the pillar is 
on a foundation which is not inclined to the plane of the horizon. We take 
care that the [lateral] plane of the rings is perpendicular to the plane of the 
horizon and parallel to the plane of the meridian. The first of these [desiderata] 
is achieved by suspending a plumb-line from a point [on the outer ring] chosen 
as zenith, and adjusting supporting elements’! until the plumb-line points 
towards the point diametrically opposite [the zenith-point]. The second 1s 
achieved by marking a meridian line” clearly in the plane below the pillar and 
moving the rings laterally until one can sight their [lateral] plane as parallel! to 
that line. Having set the instrument up in that way, we observed the sun’s 
movement towards the north and south by turning the inner ring at noon until 
the lower plate was completely enshadowed by the upper one. When this was 
the case, the tips of the pointers indicated to us the distance of the sun from the 
zenith in degrees,’? measured along the meridian. 

We found an even handier way of making this kind of observation by 
constructing, instead of the rings, a plaque [see Fig. D] of stone or wood, square 


Fig. D N 


” Reading brodepatiov (with D) forbno8epdt@v at H65,13. Cf. H67,7. Both readings are found 
in mss. of Proclus, Hypotyposis p. 50,10. 

” Ptolemy assumes that one can draw a meridian line, without explaining how. Diodorus of 
Alexandria (first century B.C.) in his (lost) treatise Analemma, gave an ingenious method for 
determining the meridian line from any three gnomon shadows (see HAMA II 841-2). 

“turpata, literally ‘divisions’, and it could be so interpreted here (‘divisions of the graduated 
arc’), cf. p. 61, But there are many places in the Almagest where it means simply ‘degrees’. 
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and rigid, with one of its faces smooth and accurately squared off. On this we 
drew a quadrant, using as centre a point near one of the corners, and drew from 
the centre to the inscribed arc the lines enclosing the right angle forming the 
quadrant. We divided the arc, as we had [the other instrument], into 90 degrees 
and subdivisions of those degrees. Next, on that line which was chosen to be 
perpendicular to the plane of the horizon and towards the south, we fixed two 
small cylindrical pegs, with their sides at right angles to their bases and exactly 
circular, machined to be of equal size: one of them we fixed on the centre-point 
itself, positioning the mid-point of the peg precisely on it, the other at the lower 
end of the line. Then we set this inscribed face of the plaque up along the 
meridian line which we had drawn on the foundation-plane, so as to be parallel} 
to the plane of the meridian, and, using a plumb-line suspended between the 
pegs, set up the line between them precisely at right angles to the plane of the 
horizon, again correcting any deficiency by adjusting thin supporting elements 
underneath. In the same way as before, we observed the shadow cast at midday 
by the peg at the centre. In order to determine its position more accurately, we 
placed some object on the inscribed arc [where the shadow crossed it]. Marking 
the mid-point of the shadow, we took that division of the quadrant as indicating 
the position of the sun on the meridian in the north-south direction.” 

From observations of this kind, and especially from comparing observations 
near the actual solstices, which revealed that, over a number of returns [of the 
sun], the distance from the zenith was in general the same number of degrees of 
the meridian circle at the [same] solstice, whether summer or winter, we found 
that the arc between the northernmost and southernmost points, which is the arc 
between the solstitial points, is always greater than 473° and less than 472°. 
From this we derive very much the same ratio as Eratosthenes, which 
Hipparchus also used. For [according to this} the arc between the solstices is 
approximately 11 parts where the meridian is 83.” 

From the preceding kind of observation it is easy to derive immediately the 
latitude of the region in which the observation is made, wherever it is: one takes 
the point halfway between the two extrema; this point lies on the equator; then 
one takes the distance between this point and the zenith, which is the same, 
obviously, as the distance of the poles from the horizon. 


“kata mAGtOC, literally ‘in latitude’. Ptolemy, following common Greek usage, uses TAGtoO¢ for 
any ‘vertical’ direction, including that normal to the equator, as here. See Introduction p. 21. 

7541 of 360° ~ 47;42,39,2° = 2e, hence € ¥ 23;51,20°, which is what Ptolemy actually adopts (his 2 
lies between 47;40° and 47;45°, but is not the mean). 

The text could equally well mean, not that Eratosthenes and Hipparchus used the ratio 11:83, 
but that the ratio 11:83 is Ptolemy’s value, which is close to the actual ratio used by them [namely 
9:15, i.e. € = 24°]. That interpretation has the advantage of agreeing with the only value otherwise 
attested for Eratosthenes (in his Geography, see Berger Frg. II B 23, Strabo 2.5.7) and Hipparchus (in 
his Geography and in his Commentary on Aratus, ed. Manitius p. 96,20; cf. HAMA 303, 335). It was 
proposed by Berger, Eratosthenes 131, followed by Heath, Aristarchus 131 n. 4. I prefer the traditional 
interpretation, since I find it inconceivable that Ptolemy would not mention what the ratio was to 
which his own was close, and also because of his expression at I 14 (p. 70). Eratosthenes’ peculiar 
ratio is due not to a perverse division of the circle into 83rds, as Theon supposes (Rome IT 529), but 
to a pre-trigonometrical derivation from gnomon measurements, as I shall show elsewhere. 
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64 113. Lemmas for spherical trigonometry 
13. {Preliminaries for spherical proofs}"® 


Our next task is to demonstrate the sizes of the individual arcs cut off between the 
equator and the ecliptic along a great circle through the poles of the equator. As 
a preliminary we shall set out some short and useful theorems which will enable 
us to carry out most demonstrations involving spherical theorems in the 
simplest and most methodical way possible. 

H69 [See Fig. 1.8.] Let two straight lines, BE and GD, which are drawn to meet 
two straight lines. AB and AG, cut each other at point Z. 


A 


Fig. 1.8 


I say that 
GA:AE = (GD:DZ):(2B:BE).” 
[Proof:] Let EH be drawn through E parallel to GD. 
Then, since GD and EH are parallel, 
GA: AE = GD:EH. 
If we bring ZD in [as auxiliary], 
GD:EH = (GD:DZ) (DZ: HE): 
-. GA‘AE = (GD: DZ) (DZ-HE), 
But DZ:HE = ZB:BE (EH parallel to ZD). 
-. GA:AE = (GD:DZ).(ZB:BE). sek] 
QD: 
In the same way, dividendo, we shall prove that 
GE:EA = (GZ:DZ).(DB:BA). 


ne On the spherical trigonometry in this chapter see HAMA 26-30, Pedersen 72-8. 
hy Literally (here and in general) this kind of ratio is expressed as ‘the ratio of GA to AE is 
combined from (ovvimtar éx, ovyKettat é«) the ratio of GD to DZ and the ratio of ZB to BE’. 
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[See Fig. 1.9.] Draw a line through A parallel to EB and produce GD to cut it at 
H. Again, since AH is parallel to EZ, H70 
CEA = GZ-ZH, 
But, if we bring in ZD [as auxiliary], 
GZ:ZH = (GZ:ZD).(DZ:ZH). 


A 


Fig. 1.9 


But DZ:ZH = DB:BA (BA and ZH drawn to meet the parallel lines AH and 
ZB). 
-. GZ:ZH = (GZ:DZ).(DB:BA). 
But GZ:ZH = GE:EA. 
-. GE:EA = (GZ:DZ).(DB:BA). [13.2] 
Q.E.D. 
Again [Fig. 1.10] on circle ABG, with centre D, take any three points A,B,G, 
on the circumference, provided that each of the arcs AB and BG is less than a 
semi-circle (let the same condition be understood to apply to all subsequent arcs 
we take). Draw AG and DEB. 
I say that H71 
Crd arc 2AB:Crd arc 2BG = AE:EG. 
[Proof:] Drop perpendiculars AZ and GH trom points A and G on to DB. Then, 
since AZ is parallel to GH, and they meet line AEG, 
AZ:GH = AE:EG. 
But AZ:GH = Crd arc 2AB : Crd arc 2BG 
(for AZ = 3 Crd arc 2AB and GH = 3 Crd arc 2BG). 
-. AE:EG = Crd arc 2AB:Crd arc 2BG. [13.3] 
Q.E.D. 
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B 
G 


Fig. 1.10 


It immediately follows that if we are given the whole of arc AG and the ratio 
(Crd arc 2AB:Crd arc 2BG), both arc AB and arc BG will be given. 
For, repeating the same figure [see Fig. 1.11], join AD, and drop perpendicu- 
lar DZ from D on to AEG. 
Hi2 It is obvious that, ifarc AG be given, Z ADZ, which subtends half arc AG, will 
be given, and hence the whole triangle ADZ.’° Now, since the whole chord AG is 


Fig. 1.11 


78For one already knows Z AZD, a right angle, and AD, a radius. 
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given, and (AE:EG) is given (for it equals (Crd arc 2AB:Crd arc 2BG)), AE will 

be given,”’ and so will ZE, by subtraction [of AZ from AE]. Hence, since DZ too 

is given, in the right-angled triangle EDZ, Z EDZ will be given, and hence the 

whole angle ADB. Hence arc AB will be given and (by subtraction) arc BG. 

QaeD. 

Again [see Fig. 1.12] on circle ABG with centre D take three points on the 
circumference, A,B,G.°° Join DA and GB and produce them to meet at E. 


Fig. 1.12 


I say that 
Crd arc 2GA:Crd arc 2AB = GE: BE. 
By a similar argument to the previous theorem, if we drop perpendiculars 
BZ and GH from B and G on to DA, since they are parallel, 
GEEBZ = GE:EB. 
-. Crd arc 2GA:Crd arc 2AB = GE:EB. [a4 
OyReD. 

In this case too it follows immediately that if we are given just the arc GB and 
the ratio (Crd arc 2GA:Crd arc 2AB), arc AB will also be given. 

For, if we repeat the same figure [see Fig. 1.13], and join DB and drop DZ 
perpendicular to BG, then ZBDZ, which subtends half arc BG, will be given. 
Hence the whole of the right-angled triangle®’ BDZ will be given. Now, since 
the ratio (GE:EB) and line GB are given, EB will be given, and hence, by 
addition, line EBZ. So, since DZ is given, in the right-angled triangle EDZ, 


79 Euclid Data 7 (if a given magnitude is divided in a given ratio, each part is given). 

8 Omitting (with D, Is), at H72, 13-15, dote tkatépav tOv AB, AT nepipeper@v EXd000va 
Eival HpUKvKAiov. Kal Emi TOV EETic 5é AapBavopevov nepipeperGv to Sporov braKkovéoba, 
which is an otiose repetition of H70, 21-5. 

8! Here (H74,3) and elsewhere (e.g. H74,7) D has the fuller form ép8o0yaviov tpiywvov for 
Heiberg’s 6p8oyaviov. This may be right, but I have not recorded it as a correction, following the 
principle enunciated Introduction p. 4. 
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68 113. Menelaus’ Theorem 


Fig. 1.13 


Z EDZ is given, and, by subtraction [of the given Z BDZ] Z EDBis given. Hence 
arc AB will be given. 

Having established these preliminary theorems, let us draw [Fig. 1.14]*? the 
following arcs of great circles on a sphere: BE and GD are drawn to meet AB 
and AG, and cut each other at Z. Let each of them be less than a semi-circle 
(and let the same condition be understood to apply to all the figures). 

I say that 
Crd arc 2GE:Crd arc 2EA = 
(Crd arc 2GZ:Crd arc 2ZD). (Crd arc 2DB:Crd arc 2BA). 
[Proof:] Let us take the centre of the sphere, H, and draw from it to the inter- 
sections of the circles, B, Z, E, lines HB, HZ, HE. Join AD and produce it to 
meet HB, also produced, at ©. Similarly, jom DG and AG, and let them cut HZ 
and HE at points® K and L. 


G 


Fig. 1.14 


*? For an adaptation of this figure useful in visualizing the various planes involved see HAMA Fig. 
17 p. 1213. 
* Reading ta . . . onpeta (with D) at H75,2 for 16 . . . onpetov. Corrected by Manitius. 
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Then ©, K and L lie on a straight line, since they all lie simultaneously in 
two planes, the plane of triangle AGD, and the plane of circle BZE. 

Draw this line [(OKL]. The result will be that there are two straight lines, 
OL and GD, drawn to meet two straight lines, @A and GA, and intersecting 
each other at K. 

-- GL:LA = (GK:KD).(DO:@A). [from 13.2] 
But GL:LA = Crd arc 2GE:Crd arc 2EA [from 13.3] 
and GK:KD = Crd are 2GZ:Crd are 2ZD [from 13.3] 
and DO:0A = Crd are 2DB:Crd arc 2BA. [from 13.4] 
-. Crd arc 2GE:Crd arc 2EA = 
(Crd arc 2GZ:Crd arc 2ZD).(Crd arc 2DB:Crd arc 2BA). [P35] 
In the same way, corresponding to the straight lines in the plane figure [Fig. 
1.8], it can be shown that 
Crd arc 2GA:Crd arc 2EA = 
(Crd arc 2GD:Crd are 2DZ).(Crd arc 2ZB:Crd arc 2BE).** [13.6] 
OED. 


14. {On the arcs between the equator and the ecliptic}® 


Having set out this preliminary theorem, we shall first of all demonstrate the 
amounts of the arcs we set ourselves to determine,* as follows. 

[See Fig. 1.15.] Let the circle through both poles, that of the equator and that 
of the ecliptic, be ABGD; let the semi-circle representing the equator be AEG, 
and that representing the ecliptic BED, and let point E be the intersection of the 
two at the spring equinox, so that B is the winter solstice and D the summer 
solstice. On arc ABG take the pole of the equator AEG: let it be point Z. Cut off 
arc EH on the ecliptic: let us suppose it to be 30°, and draw through Z and H an 
arc of a great circle ZHO. Our problem, obviously, is to determine HO. Let us 
take for granted both here and in general for all such demonstrations (to avoid 
repeating ourselves on each occasion), that when we speak of the sizes of arcs or 
chords in terms of ‘degrees’ or ‘parts’ we mean (for arcs) those degrees of which 
the circumference of a great circle contains 360, and (for chords) those parts of 
which the diameter of the circle contains 120. 

Now since, in the figure, the two great circle arcs ZO and EB are drawn to 
meet the two great circle arcs AZ and AE, and intersect each other at H, 

Crd arc 2ZA:Crd arc 2AB = 
(Crd arc 2©Z:Crd arc 20H). (Crd arc 2HE:Crd arc 2EB). [M.T.]] 


®4The theorem connecting six great circle arcs on the surface of the sphere in a Menelaus 
Configuration (see Introduction p. 18), of which the enunciations 13.5 and 13.6 are examples, is 
due to Menelaus, whom Ptolemy mentions in the Almagest only as an observer (see index s.v.). It 
appears (in both forms) as Prop. III 1 of his Sphaerica (ed. Krause pp. 194-7). These two forms have 
been labelled by Neugebauer (HAMA 28) as Theorem I (= 13.6), where four inner parts of the 
Menelaus Configuration are related to two outer parts, and Theorem II (= 13.5), where four outer 
parts are related to two inner parts. We shall use this terminology in what follows (M.T. I and M.T. 
II for brevity). 

85 See HAMA 30-1, Pedersen 95-6. 

86 Reference back to I 13 p. 64. 
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Fig. 1.15 


But arc 2ZA = 180°, so Crd arc 2ZA = 120°, 
and arc 2AB = 47;42,40° (according to the ratio 11:83, with 
which we agreed [p. 63)]). 
so,Crd are 2AB = 40:31,55" 
H78 Again, arc 2HE = 60°, so Crd arc 2HE = 60°, 
and arc 2EB = 180°, so Crd arc 2EB = 120°. 
.. Crd arc 2Z@:Crd arc 20H = (120 : 48;31,55)/(60 : 120) 
= 120 S24 15097. 
And arc 2Z© = 180°, so Crd arc 2Z© = 120°. 
Crd are 201 = 241557". 
= arc 201 = 23:19359°. 
and arc OH & 11;40°. 
Again, let arc EH be taken as 60°. Then the other magnitudes will remain 
unchanged, but 
arc 2EH = 120°, so Crd arc 2EH = 103%55,23". 
*. Crd arc 2Z0:Crd arc 20H = (120 : 48;31,55)/(103;55,23 : 120) 
= 120: 42;1,48. 
But Crd arc 2Z© = 120°. 
-. Crd arc 20H = 42;1,48°. 
-. are 20H ='41;0; 18°, 
and arc OH = 20;30,9°. 
@Qye-D. 
Hee In the same way we shall compute the sizes of [the other] individual arcs, and 
set out a table giving for each degree of the quadrant the arc corresponding to 
those computed above. The table is as follows. 
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15. {Table of Inclination}®* H80—5& 
see pe 72) 
16. {On rising-times at sphaera recta}® H82 


Our next task is to show how to compute the size of an arc of the equator 
determined by a circle drawn through the poles of the equator and a given point 
on the ecliptic. In this way we can find how long, in equinoctial time-degrees, it 
takes a given section of the ecliptic to cross the meridian at any point on earth 
and the horizon at sphaera recta (for only in that situation does the horizon pass 
through the poles of the equator). 

Repeat the previous figure [see Fig. 1.16]. Let the ecliptic arc EH again be 
given, first as 30°. We have to find arc E@ of the equator. 


Fig. 1.16 


By the same argument as the preceding, 
Crd arc 2ZB:Crd arc 2BA = 
(Crd arc 2ZH:Crd arc 2H®). (Crd arc 2OE:Crd arc 2EA). [M.T.1]] 
But arc 2ZB = 132;17,20°, 
so Crd arc 2ZB = 109;44,53°. 


87 Corrections to Heiberg in Table F 15: 
45°, seconds, a (with D, Ar) for k (20) at H81,50 (computed: 2) 
69°, seconds, a (with D, Ar) for 1a (11) at H81,29 (computed: 10,59 for 11,1). 
Possible emendations are: 
27°, seconds 16 (47) for v¢ (57) (computed: 48). No ms. authority. 
51°, seconds € (5) for 1¢ (15) (computed: 7). No ms. authority. 
59°, seconds a (1) for 8 (4) (computed: 0). Only variant is ‘0’ in L. 
88 See HAMA 31-2, Pedersen 97-9. 
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TABLE OF INCLINATION 


ARCS , ARCS 
of the of the of the of the 
Ecliptic Meridian Ecliptic Meridian 


Ocmor| Dopp] on — 
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And arc 2BA = 47;42,40°, 
so Crd arc 2BA = 48;31,55°. H83 

Again, arc 2ZH = 156;40,1° [180° - arc 20H, p. 70] 
so Crd arc 2ZH = 117;31,15°, 
and arc 2HO = 23;19,59°, 
so Crd arc 2HO = 24;15,57°. 

“. Crd arc OE:Crd arc 2EA = (109;44,53 : ASSIS V/A BUS 2495.57) 
= 04902:26 : LP7sBIy ISS 56053 : 120) 
But arc 2EA = 180°, so Crd arc 2EA = 120°. 
-. Crd arc 20E = 56;1,53?.® 
So arc 20E= 55;40° and arc OE = 27;50°. 
Again, let arc EH be taken as 60°. Then the other magnitudes will remain 
unchanged, but 
arc 2ZH = 138;59:42°, [180° — arc 20H, p. 70] 
so Crd arc 27H = 112:23,56°. 
And arc 20H = 41;0,18°. 
so Crd arc 20H = 42;1,48?. 
-. Crd arc 2OE:Crd arc 2EA = (109;44,53 : 48;31,55)/(112;23,56 : 42;1,48) 
= 95:20". 112:23.56 H84 
= 10128.20 = 120. 
But Crd arc 2EA = 120°. 
-. Crd arc 2OE = 101;28,20" 
”. arc 2OE = 115;28°. 
“ arcQE= 57;44°. 

Thus it has been shown that the first sign of the ecliptic, counted from the 
equinox,”’ rises in the aforementioned manner [i.e. at sphaera recta] in the same 
time as 27;50° of the equator; and that the second sign rises with 29;54° (for the 
sum of both arcs was shown to be 57;44°). It is obvious that the third sign will 
rise at sphaera recta in the same time as 32;16° (which is the complement [of 
57;44°]), since each whole quadrant of the ecliptic”! rises in the same time as the 
corresponding quadrant of the equator as defined by circles drawn through the 
poles of the equator. 

Following the same method as demonstrated above, we calculated the arc of 
the equator which rises in the same time as each 10-degree section of the 
ecliptic. (The [true] rising times of arcs smaller than 10° are not noticeably 
different from those derived by linear interpolation [from those of 10° arcs]). We 
shall set these too out, then, in order to be able to reckon conveniently the time 
which each arc takes, as we said, to cross the meridian at any pointonearthand H85 
the horizon at sphaera recta. We begin with the 10° arc starting at [either] 
equinoctial point. 


89 Here and just above (H83,13 and 10) Heiberg’s text gives 56;1,25 (Ké for Vy). The correct 


reading is given by D and Is. 
90 From considerations of symmetry, it makes no difference which equinox one starts from. 
9! A ‘quadrant’ here is understood to start at equinox or solstice. 
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Time-degrees 


Ist O210E 
2nd ten-degree section rises in O15" 
3rd O i258 
For Ist sign sum is 27550". 
4th o420° 
5th ten-degree section rises in 9:58" 
6th 10;16° 
For 2nd sign sum is 20 Ae 
7th 10;34° 
8th ten-degree section rises in 10;47° 


9th 10597. 


For 3rd sign, ending at either solstice, sumis 32;16°. 
The sum for the whole quadrant is 90°, as it should be.” 
It is immediately obvious that the arrangement [of the rising-times] is the 
same for the other [three] quadrants, since the same relationships hold in each 
at sphaera recta, that is when the equator has no inclination to the horizon [i.e. is 


vertical to it]. 


* These data are repeated in tabular form in the table of rising-times, II 8. 


Book II 


1. {On the general location of our part of the inhabited world} 


In Book I of our treatise we discussed such preliminary notions about the 
situation of the universe as had to be summarily disposed of, and such theorems 
concerning sphaera recta as might be thought useful for the investigations which 
we propose. In what follows we shall try to develop the more important 
theorems concerning sphaera obliqua too, in the most convenient way possible. 

On that topic, then, we must first make the following general introductory 
remark. If one considers the earth to be divided into four quarters by the 
equator and a circle drawn through the poles of the equator, our part of the 
inhabited world! is approximately bounded by one of the two northern 
quarters. The main proof of this in the case of latitude (that is in the north-south 
direction) is that the noon shadows of gnomons at equinox always point towards 
the north and never towards the south. In the case of longitude (that is in the 
east-west direction) the main proof is that observations of the same eclipse 
(especially a lunar eclipse) by those at the extreme western and extreme eastern 
regions of our part of the inhabited world (which occur at the same [absolute] 
time), never differ? by more than twelve equinoctial hours [in local time];> and 
the quarter [of the earth] contains a twelve-hour interval in longitude, since it is 
bounded by one of the two halves of the equator. 

The individual! points [concerning sphaera obliqua| which might be considered 
most appropriate to study for the subject we have undertaken are the more 
important phenomena which are particular to each of the northern parallels to 
the equator and to the region of the earth directly beneath each. These are 
[1] the distance of the poles of the first motion [i.e. the equator] from the 
horizon, or [in other words] the distance of the zenith from the equator, 
measured along the meridian;* 

‘So one must translate 1) Ka0’ Hac oixovpévn : Ka’ Hc can mean ‘in our neighbourhood’ or 
‘in our time’. Manitius takes the expression to be temporal (e.g. here, 58,17 ‘des zurzeit bewohnten 
Gebietes der Erde’). This implausible interpretation is contradicted by VI 6 (p. 294) where Ptolemy 
talks about ‘different parts of the inhabited world’ (mi d:agdpov oikovpévnc, H498,2), and 
mentions the ‘so-called antipodes’ (tv dvt1y86vev Kadovpéva@v). In using the expression he is 
implicitly allowing the possibility ofan inhabited zone in the southern hemisphere. On the meaning 
and history of the concept oikovpévyn see Campanus 396-7. 

2<differ’: literally ‘are earlier or later’. 


3 One should not infer that Ptolemy possessed records of lunar eclipses observed simultaneously at 
eastern and western ends of the known world. In fact it seems probable that the only eclipse observed 


at places widely separated in longitude for which he had records of both observations was that of 


— 330 Sept. 20 (cf. HAMA 668 n.30), observed at Arbela and Carthage. 
*In modern terms, the terrestrial latitude, in antiquity usually known as appa tod ndAov, 
‘elevation of the pole’. 
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[2} for those regions where the sun reaches the zenith, when and how often this 
occurs; 

[3] the ratios of the equinoctial and solsticial noon shadows to the gnomon; 
[4] the size of the difference of the longest and shortest day from the equinoctial 
day;? and all other additional phenomena which are [commonly] studied 
concerning 

[5] the individual increases and decreases in the length of the days and nights,° 
[6] and the arcs of the equator which rise or set with [given] arcs of the ecliptic, ’ 
[7] and the particulars and quantities of angles between the more important 
great circles.® 


2. {Given the length of the longest day, how to find the arcs of the horizon 
cut off between the equator and the ecliptic}° 


Let us take as a general basis for our examples the parallel circle to the equator 
through Rhodes, where the elevation of the pole is 36°, and the longest day 143 
equinoctial hours. Let [Fig. 2.1] ABGD represent the meridian, BED the 
eastern half of the horizon, AEG, likewise, the [eastern] half of the equator, with 
its south pole at Z. Let us suppose that the winter solstice on the ecliptic is rising 
at H. Draw through Z and H the great circle quadrant ZHO. 


% 


G 


Fig. 2.1 


* Details of [1] to [4] are given for numerous parallels in II 6. 
"See 119: 

"See II 7-8. 

®See IT 10-13. 

°On chapters 2 and 3 see HAMA 37-8, Pedersen 101-4. 


IT 2. Computation of ortive amplitude ad 


First of all let the length of the longest day be given, and let the problem be to 
find arc EH of the horizon.!° 

Now, since the revolution of the [heavenly ] sphere takes place about the poles 
of the equator, it is obvious that points H and © will be on the meridian ABGD 
at the same time. Thus the time from the rising of H to its upper culmination is 
given by the equatorial arc OA, and the time from its lower culmination to its 
rising is given by [the equatorial arc] GO. It follows that the length of daylight is 
twice the time corresponding to arc OA, and the length of night twice the time 
corresponding to arc GO. For every parallel circle to the equator has both 
sections alike, that above the earth and that below it, bisected by the meridian. 

Therefore arc EO, which is half the difference between longest or shortest day 
and equinoctial day, is 14" at the parallel in question, or 18;45 time-degrees. 
Hence its complement, arc @A, is 71;15 time-degrees. 

Then since, in accordance with the previous theorems, the two great circle 
arcs EB and ZO have been drawn to meet the two great circle arcs AE and AZ, 
and intersect each other at H, 

Crd arc 20A:Crd arc 2AE = 

(Crd arc 20Z:Crd arc 2ZH). (Crd arc 2HB:Crd arc 2BE). - [M.T.I] 
But arc 20A = 142;30°, 
so Crd arc 2@A = 113;37,54? 
and arc 2AE = 180°, 
so Crdvarc 2AE = 120°. 
Again, arc 20Z = 180°, so Crd arc 2OZ = 120°, 
and arc 2ZH = 132;17,20°, so Crd arc 2ZH = 109;44,53°. 
pedercd arc ZHBiG@rd arc 2B = (113;37.54 2 120)/(120 : 109;44,53) 
= Obes 40) 6 A) 
But arc 2BE = 120°, since arc BE is a quadrant. 
Crd are 2hibi= 1035o,20 . 
-. arc 2HB™ 120°, 
and arc HB~ 60°. 
“. arc HE, its complement, is 30° where the horizon is 360°. 
Fre ID: 


3. {If the same quantities be given, how to find the elevation of the pole, 
and vice versa} 


Next let the problem be, given the same quantity [1.e. the length of the longest 
day] again, to find the elevation of the pole, that is arc BZ of the meridian [in 
Fig. 2.1]. Now, in the same figure, 
Crd arc 2EO:Crd arc 20A = 
(Crd arc 2EH:Crd arc 2HB). (Crd arc 2BZ:Crd are 2ZA). {M.T.1T] 


10Tm modern terms, arc EH is the ortive amplitude of the sun. 

"Here and just above (H92,11 and 8) Heiberg’s text gives 103;55,23 (KY for KG). The correct 
reading is given by ACDAr at H92,8 and by all mss. at H92,11. Heiberg prefers the reading 23 
because it is given by all mss. at H93,10. But the comparison is illegitimate, since there the amount is 
taken from the chord table, whereas here it is derived by calculation. 


H91 


H92 


H93 


H94 


Ip he) 


78 II 3. Computation of @ from M and M from » 


But arc 2EO = 37;30°, 
so Crd arc 2EO = 38;34,22°, 
and arc 2QA = 142;30°, 
so Crd arc 20A = 113;37,54°. 
Furthermore arc 2EH = 60°, 
so Crd arc 2EH = 60°, 
and arc 2HB = 120°, 
so Crd arc 2HB = 103;55,23°. 
.. Crd arc 2BZ:Crd arc 2ZA = (38;34,22 : 113;37,54)/(60 : 103;55,23) 
= 70;33 : 120. 
And again, Crd arc 2ZA = 120°, 
so Crd are 2BZ, = 70:33", 
ane Abe hele 
and arc BZ = 36°. 

To do the reverse, in the same figure again [Fig. 2.1] let BZ, the arc of the 
pole’s elevation, be given, having been observed to be 36°. Let the problem be 
to find the difference between the shortest or longest day and the equinoctial 
day, i.e. arc 2EO. 

Now, from the same considerations, 

Crd arc 2ZB:Crd arc 2BA = 
(Crd arc 2ZH:Crd arc 2H®). (Crd arc 20E:Crd arc 2EA). [M.T-.II] 
But arc 2ZB = 72° 
so Crd arc 2ZB = 70;32,3°, 
and arc 2BA = 108°, 
so Crd arc 2BA = 97;4,56°. 
Furthermore arc 2ZH = 132;17,20°, 
so Crd arc 2ZH = 109;44,53°, 
and arc 2HO = 47;42,40°, 
so Crd arc 2HO = 48;31,55°. 
-. Crd arc 20E:Crd arc 2EA = (70;32,3 : 97;4,56)/(109;44,53 : 48;31,55) 
= $4;11,25 7 97-4.56 
e= 38:34 : 120. 
But Crd arc 2EA = 120°, 
-. Crd arc 2EO = 38;34?. 
“. arc 2E@ ~ 37;30°, or 23 equinoctial hours. !2 
OF] om DY 
In the same way arc EH of the horizon can be determined. For 
Crd arc 2ZA:Crd arc 2AB = 
(Crd arc 2ZO:Crd arc 20H). (Crd arc 2HE:Crd arc 2EB), {M.T.1] 
and (Crd arc 2ZA:Crd arc 2AB) is a given ratio, 

and so is (Crd arc 2ZO:Crd 20H), 

so, since arc EB is given, so is the amount of arc EH. 

It is obvious that if we suppose H to be, instead of the place of the winter 
solstice, any other degree of the ecliptic, by similar reasoning both of the arcs 


"There has been selective rounding at different stages of this calculation to achieve this nice 
result. Accurate calculation of arc 2E© would give (to the nearest minute) 37;29°. 
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EO and EH will be given, since we have already set out, in the ‘Table of 
Inclination’, the arc of the meridian intercepted between ecliptic and equator 
for every degree of the ecliptic: this arc!’ corresponds to H® [in Fig. 2.1]. 

It immediately follows that points on the ecliptic cut by the same parallel 
circle, i.e. points equidistant from the same solstice, cut off [between ecliptic 
and equator] arcs of the horizon which are equal and on the same side of the 
equator. They also make the length of the day equal to that of the day [at the 
corresponding point], and the length of the night equal to that of the 
[corresponding] night. 

It likewise follows that points [on the ecliptic] cut by equal parallel circles, 
that is points equidistant from the same equinox, cut off arcs of the horizon 
which are equal, but on opposite sides of the equator. They also make the length 
of the day equal to the length of the night at the opposite [corresponding] point, 
and the length of the night equal to that of the [corresponding] day. 

For, in the figure already drawn [see Fig. 2.2], we put K as the point in which 
the parallel circle equal to the parallel through H cuts the semi-circle BED of 
the horizon; we draw in arcs HL and KM of the parallel circles: these will, 
clearly, be equal and opposite. We draw through K and the north pole the 
[great circle] quadrant NKX. Then 

arc @A = arc XG (arc @A|| arc LH, and arc XG]| arc MK). 
-. arc EQ = arc EX (complements [of arc OA and arc XG)). 

Then, in the two similar spherical triangles'* EHO and EKX we have two 
pairs of corresponding sides equal, EO to EX, and HO to KX," and both of 
the angles at © and X are right, so the base EH equals the base KE. 


by 


: M 


Fig. 2.2 


3 Reading mpoekte8etpévev (with D) for mpoextBepéveov at H95,18, anc nepipeperv (with 
DL, adopted by Manitius), for nepigepeia at H95,22. 
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80 IT 4. How to compute when the sun reaches zenith 


4. {How to compute for what regions, when, and how ofien the sun reaches the zenith}'° 


Once the above quantities are given, it is a straightforward computation to 
determine for what regions, when, and how often the sun reaches the zenith. 
For it is immediately obvious that for those beneath a parallel which is farther 
away from the equator than the 23;51,20° (approximately), which represents 
the distance of the summer solstice [from the equator], the sun never reaches the 
zenith at all, while for those beneath the parallel which is exactly that distance 
[from the equator], it reaches the zenith once [a year], precisely at the summer 
solstice. It is furthermore clear that for those beneath a parallel less far [from the 
equator] than the above-mentioned amount the sun reaches the zenith twice [a 
year]. The time when this happens is readily supplied from the Table of 
Inclination which we have set out [I 15]. For we take the distance from the 
equator, in degrees, of the parallel in question (which must, obviously, lie 
within the [parallel of the] summer solstice), and enter with it the second set of 
columns; we take the corresponding argument, in degrees from 1° to 90°, in the 
first set of columns; this gives us the distance of the sun from each of the 
equinoxes towards the summer solstice when it is in the zenith for those beneath 
the parallel in question. 


5. {How one can derwe the ratios of the gnomon to the equinoctial and solsticial noon 
shadows from the above-mentioned quantities" 


The required ratios of shadow to gnomon'® can be found quite simply once one 
is given the arc between the solstices and the arc between the horizon and the 
pole; this can be shown as follows. 

[See Fig. 2.3.] Let the meridian circle be ABGD, on centre E. Let A be taken 
as the zenith, and draw the diameter AEG. At right angles to this, in the plane 
of the meridian, draw GKZN: clearly, this will be parallel to the intersection of 
horizon and meridian. Now, since the whole earth has, to the senses, the ratio of 
a point and centre to the sphere of the sun, so that the centre E can be 
considered as the tip of the gnomon, let us imagine GE to be the gnomon, and 
line GKZN to be the line on which the tip of the shadow falls at noon. Draw 
through E the equinoctial noon ray and the [two] solsticial noon rays: let BEDZ 
represent the equinoctial ray, HEOK the summer solsticial ray, and LEMN the 
winter solsticial ray. Thus GK will be the shadow at the summer solstice, GZ 
the equinoctial shadow, and GN the shadow at the winter solstice. 

Then, since arc GD, which is equal to the elevation of the north pole from the 
horizon, is 36° (where meridian ABG is 360°) at the latitude in question, and 


'* The word Ptolemy uses for ‘spherical triangle’, tpimAevpov, was, according to Pappus Synagoge 
VI 2, Hultsch p, 476, 16-7, the term used by Menelaus. J 

'° Arc H© = arc KX because they are the declinations of points equidistant from an equinox. 

6 See Pedersen 104-5 and Appendix A, Example la. 

See Pedersen 105-6. 

'® Reference back to II 1 [3] p. 76. They are the equinoctial and solsticial noon shadows. 
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Fig. 2.3 


both arc OD and arc DM are 23;51,20°, by subtraction arc GO = 12;8,40°, and 
by addition arc GM = 59;51,20°. 
Therefore the corresponding angles 


ZAR: = 125640° 
Z ZEG = 36° where 4 right angles = 360° 
ZING =.59; 51020" 
and 
ANCE = 24 072. 
Pen = 72°° where 2 right angles = 360°°. 


Z NEG = 119;42,40°° 
Therefore in the circles about right-angled triangles KEG, ZEG, NEG, H100 
arc GK = 24:17,20° 
and arc GE = 155;42,40° (supplement), 
are GAe@ j2° 
and arc GE = 108°, similarly [as supplement], 
arc GN = 119;42,40° 
and arc GE = 60;17,20° (again as supplement). 
Therefore where Crd arc GK = 25;14,43", Crd arc GE = 117;18,51?, 
and where Crd arc GZ = 70;32,4°!9; Crd arc GE = 97;4,56°, 
and where Crd arc GN = 103;46,16°, Crd arc GE = 60;15,42?. 
Therefore, where the gnomon GE has 60°, in the same units 
the summer [solsticial] shadow, GK © 12;55°, 
the equinoctial shadow, GZ ~ 43;36° 
and the winter [solsticial] shadow, GN ~ 103;20°. 
19 The chord table gives, for 72°, 70;32,3° (wrongly changed to 70;32,4° by Heiberg on the basis of 


this passage). All mss. (including the Arabic tradition, except for Gerard, who has 3) have 4 here. 
The inconsistency probably goes back to Ptolemy. It has no effect on the final result. Cf. p. 93. 
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It is immediately clear that the reverse process is possible. That is, provided 
only that any two of the three above ratios of the gnomon GE to the shadow be 
given, the elevation of the pole and the arc between the solstices are determined. 
For if any two of the angles at E are given, so is the third, since arcs@D and DM 
are equal. However, in so far as accuracy of the observation is concerned, the 
former quantities [elevation of the pole and 2¢ | can be exactly determined in the 
way we explained; but the ratios of the shadows in question to the gnomon 
cannot be determined with equal accuracy, since the moment of the equinoxes 
is, in itself, somewhat indeterminate, and the tip of the shadow at winter solstice 
is hard to discern. 


6. {Exposition of the special characteristics, parallel by parallel}”° 


By the same method we also found the above-mentioned genera] characteristics 
for the other parallels [to the equator]. We calculated for latitudes at intervals 
of i-hour [of longest daylight], considering that sufficient. Before we deal with 
particulars,*! we shall set out these general characteristics. 


1. We begin with the parallel beneath the equator itself, which forms, 
approximately, the southern boundary of the [earth's] quarter which comprises 
our part of the inhabited world. This is the only parallel which has every day 
equal to every night, since only in that case [i.e. at the equator] are all parallel 
circles bisected by the horizon, so that every section above the earth is an arc of 
the same size, and is equal to the corresponding section below the earth. This 
does not occur at any other latitude: *? [elsewhere] only the equator is bisected at 
every place on earth by the horizon, so that it makes the night sensibly equal to 
the day [when the sun is] in it. For the equator too isa great circle. All the other 
[parallels] are divided [by the horizon] into unequal parts.* As the sphere is 
inclined in our part of the inhabited world, parallels south of the equator make 
the sections above the earth smaller than those below the earth, and the days 
shorter than the nights, while the northern [parallels], on the contrary, make 
the sections above the earth larger, and the days longer. 

This parallel [of the equator] also has the shadow going both ways:** the sun 


°° The information given in this chapter is a gesture towards the traditional topics of Hellenistic 
geography. Most of it is irrelevant to the rest of the Almagest and is never mentioned or used again. 
In particular, the definition of latitude by the gnomon-shadow ratio at equinox or solstices is known 
to have been much used in earlier works (see HAMA II 746-8), and, to judge from Sanskrit 
astronomical works, had important appucations in earlier Hellenistic astronomy, but is a mere fossil 
in the Almagest (although Ptolemy probably introduced the norm of 60° for the gnomon). 

The shadow lengths in this chapter are all rounded to the nearest neat fraction or whole number. 
For higher latitudes there are considerable inaccuracies. 

*! By ‘particulars’ he refers to rising-times at sphaera obliqua and other matters treated in the latter 
part of Book II. 

*?*at any other latitude’: literally ‘at any of the inclinations’. See Introduction p. 19. 

°3 Proved Theodosius, Sphaerica II 19. 

*4 @u@pioK.oc, meaning that the noon shadow is to the south for part of the year. This term, and the 
corresponding Etep6oxKtoc and TEpioKios (see p. 85 n.36 and p. 89 n.67) were used by Posidonius 
(early first century B.C.) in his geographical work (Edelstein-Kidd frs. 49,44-8 and 208) as reported 
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comes into the zenith twice [a year] for those living beneath it, when it reaches 
the intersections of ecliptic and equator; only at those [two times] do the 
gnomons cast no shadow at noon; while the sun is traversing the northern semi- 
circle [of the ecliptic} the shadows of the gnomons point towards the south, and 
while it is traversing the southern semi-circle they point towards the north. In 
that region a gnomon of 60° has a shadow of 263° at both summer and winter 
solstices. (When we say ‘shadow’ we mean, in general, the noon shadow; it 
makes no significant difference that the equinoxes and solstices do not, in 
general, take place exactly at noon.) 

For those who live beneath the equator those stars come into the zenith which 
revolve on the equator itself, but all stars are seen to rise and set, since the poles 
of the sphere are exactly on the horizon, and thus it is impossible for any of the 
parallel circles to appear always visible or always invisible, or for any meridian 
to be a colure”’ [i.e. always partly invisible]. It is said that the regions beneath 
the equator could be inhabited, since the climate must be quite temperate. For 
the sun does not stay long in the neighbourhood of the zenith, since its motion in 
declination is swift round about the equinoctial points, and hence the summer 
would be temperate; furthermore, it is not very far from the zenith at the 
solstices, so the winter would not be harsh. But what these inhabited regions are 
we have no reliable grounds for saying. For up to now they are unexplored by 
men from our part of the inhabited world, and what people say about them must 
be considered guesswork rather than report. In any case, such, in sum, are the 
characteristics of the parallel beneath the equator. 

As for the other parallels, which, according to some authorities, comprise the 
inhabited regions, we shall make the following general observations, to avoid 
repeating ourselves in every case. For each of them in order those stars come 
into the zenith whose distance from the equator, measured along the circle 
through the poles of the equator, is equal to the distance of the parallel in question 
[from the equator]. Furthermore the circle which has the north pole of the 
equator as its pole, and the elevation of the pole [at that parallel] as its radius, is 
always visible, and all stars within that circle are always visible. [Likewise], the 
circle which has the south pole as its pole, and the same radius [as the former], is 
always invisible, and the stars within it are always invisible. 


2. The second is the parallel with a longest day of 124 equinoctial hours. This is 
44° from the equator, and passes through the island Taprobane.”° This too is one 
of the parallels with the shadow going both ways: the sun comes into the zenith 
for those beneath it twice [a year], and makes the gnomons shadowless at noon, 
when it is 793° distant from the summer solstice on either side. Thus while it is 
traversing these 159°, the gnomon shadows point towards the south; and while 


by Strabo 2.2.3 and 2.5.43. Whether Posidonius actually coined the terms, as Strabo implies 
(Exddeoev, wrongly denied by me, —— 146) seems improbable, but we have no earlier 
attestation. 

25 On this term see Introduction p. 19. 

26Ceylon. For this and the rest of the geographical data in this chapter help is provided by 
Kiepert’s reconstruction of Ptolemy’s world map, ‘Orbis Terrarum secundum Cl. Ptolemaeum’, 
Formae Orbis Antiquae no. XXXVI, 1911. 
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it is traversing the other 201°, they point —_—— the north. In this region, fora 
gue of 60°, the nonticasesill shadow is 43°, the summer [solsticial] shadow 
213", and the vite [solsticial] shadow 32°. 


3. The third is the parallel with a longest day of 123 equinoctial hours. This is 
8;25° from the equator and goes through the Avalite gulf.*’ This too is one of the 
parallels with the shadow going both ways: the sun comes into the zenith for 
those beneath it twice [a year], and makes the gnomons shadowless at noon, 
when it is 69° distant from the summer solstice on either side. Thus while it is 
traversing these 138°, the gnomon shadows point towards the south; and while 
it is traversing the other 222°, they point towards the north. In this region, fora 
gnomon of 60°, the equinoctial shadow is 8°, the summer [solsticial] shadow 
1675”,28 and the winter [solsticial] shadow 3770”. 


4. The fourth is the parallel with a longest day of 123 equinoctial hours. This is 
123° from the equator, and goes through the Adulitic gulf.*° This too is one of 
the parallels with the shadow going both ways: the sun comes into the zenith 
twice [a year] for those beneath it, and makes the gnomons shadowless at noon, 
when it is 573° from the summer solstice on either side. Thus while it is 
traversing these | 153° the gnomon shadows point towards the south, and while 
it is traversing the remaining 244§° they point towards the north. In this region, 
for a gnomon of 60°, the equinoctial shadow is 133°, the summer [solsticial] 
shadow 12°, and the winter [solsticial] shadow 442°. 


5. The fifth is the parallel with a longest day of 13 equinoctial hours. This is 
16;27° from the equator, and goes through the island of Meroe.*° This too is one 
of the parallels with the shadow going both ways: the sun comes into the zenith 
for those beneath it twice [a year], and makes the gnomons shadowless at noon, 
when it is 45° from the summer solstice on either side. Thus while it is traversing 
these 90° the gnomon shadows point towards the south, and while it is 
traversing the remaining 270° they point towards the north. In this region, fora 
gnomon of 60°, the equinoctial shadow is 174, the summer [solsticial] shadow 
74°, and the winter [solsticial]) shadow 51?.?! 


6. The sixth is the parallel with a longest day of 133 equinoctial hours. This is 


27 Avalites was a trading-post on the African coast just outside the mouth of the Red Sea. It is 
identified with the mediaeval and modern Zeila, just south of Djibouti. The ‘Avalite gulf is surely 
the nearby Gulf of Tajura, rather than the Gulf of Aden, as asserted by Tomaschek (R-E s.v. 
Aualites). 

®Reading 1c Z’ iB’ (with Is) forTé Z’ y’ (168) at H105,13. Computed: 16;34,28. 

** Adule or Adulis was a town on the Aethiopic coast of the Red Sea. The gulf is the modern 
Gulf of Zula (formerly Annesley Bay). 

*° Meroe is not an island in the modern sense, but was so called by the Greek geographers because 
it was roughly bounded by the rivers Nile, Atbara (ancient Astaboras), Blue Nile (ancient Astopus) 
and possibly some of their tributaries. Cf. Ptolemy, Geography IV 7 20 (vnooro€itur Meroe, 
bounded by Nile to the west and Astaboras to the east), and the confused account of Strabo, 17.2.2. 

3! Computed: 50;53,4. 51 is probably correct as a rounding to the nearest whole number, but one 
might consider D’s 50:51 or T’s 508 (H106,18). 
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20;14° from the equator, and goes through Napata.*? This too is one of the 
parallels with the shadow going both ways: the sun comes into the zenith for 
those beneath it twice [a year], and makes the gnomons shadowless at noon, 
when it is 31° from the summer solstice on either side. Thus while it is traversing 
these 62° the gnomon shadows point towards the south, and while it is 
traversing the remaining 298° they point towards the north. In this region, for a 
gaemon of 60°, the equinoctial shadow is 226°, the summer [solsticial] shadow 
34°, and the winter [solsticial] shadow 584°. 


7. The seventh is the parallel with a longest day of 133 equinoctial hours. This is 
23;51° from the equator** and goes through Soene.** This is the first of the so- 
called ‘one-way-shadow’** parallels. For in this region the noon shadows of the 
gnomon never point towards the south. Only at the actual summer solstice does 
the sun come into the zenith for those beneath this parallel, so that the gnomons 
appear shadowless. For they are exactly the same distance from the equator as 
the summer solstice is. At every other time the shadows of the gnomons point 
towards the north. In this region, for a gnomon of 60°, the equinoctial shadow is 
262°, the winter [solsticial] shadow is 658°, and the summer {solsticial] shadow is 
zero.’ Furthermore, all parallels north of this up to the northern boundary of 
our part of the inhabited world have the shadows going one way. For in those 
regions the gnomons at noon neither become shadowless nor point their shadows 
towards the south: they always point them towards the north, since the sun 
never comes into the zenith for them, either. 


8. The eighth is the parallel with a longest day of 133 equinoctial hours. This is 
27;12° from the equator, and goes through Ptolemais in the Thebaid, which is 
called Ptolemais Hermeiou. In this region, for a cami: of 60°, the summer 
[solsticial] shadow is 33°, the equinoctial shadow 30°,3® and the winter 
[solsticial] shadow 748”. 


9. The ninth is the parallel with a longest day of 14 equinoctial hours. This is 
30;22° from the equator, and goes through lower Egypt. In this region, for a 
ig pau of 60°, the summer [solsticial] shadow is 68°, the equinoctial shadow 
3575", and the winter [ solsticial] shadow 83;12°.°? 


Napata is the modern Gebel Barkal, near Merowe in = Sudan. 

**Computed: 22;6,7 for the equinoctial shadow, and 58;5,55 for the winter solsticial shadow. One 
would expect 16 is instead of in both places. Perhaps one a interpret c’ asG, i.e. 6 minutes; but 
this would normally be written as an aliquot fraction (1’). 

34 Computed: 23;48,20. The discrepancy is interesting, because it is due, not to rounding, but to the 
desire to make the parallel with M = 133" exactly coincide with the parallel with a latitude equal to 
the obliquity of the ecliptic, ie. where the sun is in the zenith at summer solstice. The difference is 
negligible, but instead of saying so Ptolemy fudges the result. 

35 Also known as Syene: the modern Assuan in upper Egypt. 

%étepdoKtoc, the opposite of GupioKtos; see p. 82 n.24. 

7 Literally ‘shadowless’. 

38 Reading A Z’ y’ (with D, Is) for Xe Z’ y’ (368) at H108,13. Computed: 30;48,36. 

"Reading Ty B with L) for my 1B’ (i.e. 12 minutes instead of 15) at H108,20, Computed: 
83;10,39. Ptolemy not often use the aliquot fraction ¢’ (3). 
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10. The tenth is the parallel with a longest of 144 equinoctial hours. This is 
33:18° from the equator, and goes through the middle of Phoenicia. In this 
region, for a gnomon of 60°, the summer {solsticial] shadow is 10°, the 
equinoctial shadow 39°, and the winter [solsticial] shadow 9373°.*° 


11. The eleventh is the parallel with a longest day of 143 equinoctial hours. This 
is 36° from the equator, and goes through Rhodes. In this region, fora gnomon 
of 60°, the summer [solsticial] shadow is 1213’, the equinoctial shadow 433?,”" 
and the winter [solsticial] shadow 1033”. 


12. The twelfth is the paralle! with a longest day of 143 equinoctial hours. This 
is 38;35° from the equator, and goes through Smyrna. In this region, for a 
Gomer of 60°, the summer [solsticial ] shadow is 153°, the equinoctial shadow is 
472, and the winter [solsticial] shadow is 1140". 


13. The thirteenth is the parallel with a longest day of 15 equinoctial hours. 
This is 40;56° from the equator, and goes through the Hellespont. In this region, 
for a een of 60°, the summer [solsticial] shadow is 183”, the equinoctial 
shadow 524°, and the winter [solsticial] shadow 1272.” 


14. The fourteenth is the parallel with a longest day of 15g equinoctial hours. 
This is 43;1°*? from the equator, and goes through Massalia.** In this region, for 
a gnomon of 60°, the summer [solsticial] shadow is 208°, the equinoctial shadow 
551°, and the winter [solsticial] shadow 1404?.*° 


15. The fifteenth is the parallel with a longest day of 153 equinoctial hours. This 
is 45;1° from the equator, and goes through the middle of Pontus. * In this 
region, for a gnomon of 60°, the summer [solsticial] shadow is 233°, the 
equinoctial shadow 60°, and the winter [solsticial] shadow 15579°.47 


*9 All the values for the shadow at this parallel are rather inaccurate. For M = 142" one finds 
9;57,43, 39;23,11 and 92;52,51. Ptolemy’s figures fit a latitude of 333° much better. 
*! Reading fly 2’ 1’ (with Ar) for fy Z’ y’ (438) at H109,9. Corrected by Manitius. Cf. 43;36 at 115 
» Bi. 
“There is a strange discrepancy here. For M =15", one finds » = 40;52,21°. However, the 
shadow lengths fit neither M = 15" nor = 40;56°, but @ = 41°. Computations: 


= 15" © = 40;56° = 41° text 
summer shadow nee 18;25,58 18;30,34 18:30 
equinoctial shadow — 51;55,23 52;2,5 52:9,26 52:10 
winter shadow WATS 8X0) 127;26,32 127;49,41 127;50 


The parallel through the Hellespont is Clima V in the traditional ‘7 climata’ (see Introduction p. 
19). Possibly, an older round number for the latitude underlies Ptolemy’s values here. 

oe Reading pty & for TY 8 (43;4) at H110,3. Although not supported by any ms. reading (Ar has 
434), 43:1 is confirmed by the values for the shadow lengths. Furthermore, 4’ would normally be 
written as an aliquot | fraction, 1€’ (but cf. H111,6 where 50;4 is certainly correct, and is writtenv 5, 
i.e. 50:4 and not 5075). 

“Modern Marseilles. 

* Reading pp 8’ (with BCIs) for pus (144) at H110,6. Computed: 140;31,31. One might also 
consider Pfia (141), as a rounding to the nearest whole number, but this has no ms. support. 

*® The Black Sea. 

“Computed: 155;10,32. Possibly one should read 155;12 (with L, 1B for 1B’). Cf. p. 85 n.39. 
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16. The sixteenth is the parallel with a longest day of 153 equinoctial hours. 
This is 46;51° from the equator and goes through the sources of the river Istros.* 
In this region, for a eines of 60°, the summer (solsticial] shadow is 252°, the 
equinoctial shadow 63°, and the winter [solsticial] shadow 1712”. 


17. The seventeenth is the parallel with a longest day of 16 equinoctial hours. 
This is 48;32° from the equator, and goes through the mouths of the 
Borysthenes.*? In this region, for a gnomes of 60°, the summer [solsticial] 
maining is 273", the equinoctial shadow 672°, and the winter [solsticial] shadow 
18875 P 50 


18. The eighteenth is the parallel with a longest day of 16; equinoctial hours. 
This is 50;4° from the equator, and goes through the middle of the Maiotic 
lake.*' In this region, for a gnomon of 60°, the summer [solsticial] shadow is 
2975",°? the equinoctial shadow 713”, and the winter [solsticial] shadow 208}?.°3 


19. The nineteenth is the parallel with a longest day of 163 equinoctial hours. 

This is 513°°* from the equator and goes through the southernmost parts of 
Brittania. In this region, for a gnomon of 60°, the summer [solsticial] 
shadow is 3172”, the equinoctial shadow 7573’, and the winter [solsticial] shadow 


2293”. 


20. The twentieth is the parallel with a longest day of 163 equinoctial hours. 
This is 52;50° from the equator and goes through the mouths of the Rhine. In this 
region, for a gnomon of 60°, the summer [solsticial] shadow is 333°, the 
equinoctial shadow 7975’, and the winter [solsticial] shadow 253¢?.°> 


21. The twenty-first is the parallel with a longest day of 17 equinoctal hours. 
This is 54;1° from the equator,” and goes through the mouths of the Tanais.*” 
In this region, for a gnomon of 60°, the summer [solsticial] shadow is 3412”, the 
equinoctial shadow 8275", and the winter {solsticial] shadow 2783”. 


*8 The Danube. 

49The modern river Dnieper. 

°° These shadow lengths accord better with a latitude of 485°. However, p = 48;32° is abundantly 
attested for this parallel, which is Clima VI of the 7 climata. There are variants 1885 (T) and 188% 
(~ 188;38, L) for the winter shadow. Computed: 188;44,49. 

>! Modern Sea of Azov. , 

52 Reading KO Z’ iB’ (with Ar) for «6 Z’ y’ 1B’ (2972) at H111,9. Computed: 29;31,31. 

53 Computed: 208;2,32. Perhaps one should read 208;3 (interpreting y’ as Y, i.e. 3 minutes, at 
H111,10). 

54 Reading a Z’ (with D, Ar) for VG Z’c’ (513 +6) at H111,13. Computed: 51;28,54. Corrected 
by Manitius. 

55For @ = 52;50° one finds the winter shadow as 253;35,53. L has 253;36. Hence one might 
consider emendingc’ to Z’ 1’ at H111, 23. However, there are increasing inaccuracies in the winter 
shadows from here on. 

56 Reading vo @ (with BCDAr) for v8 4 (54;30) at H112,3. Computed: 54;0,18. Corrected by 
Manitius. 

57 The modern river Don. For the great error in the latitude assigned to this region here and in the 
Geography see Toomer|[3] 148. 
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22. The twenty-second is the parallel with a longest day of 174 equinoctial 
hours. This is 55° from the equator”® and goes through Brigantium in Great 
Brittania.”° In this region, fora gnomon of 60°, the summer (solsticial] shadow is 
364°, the equinoctial shadow is 853°, and the wintcr [solsticial] shadow is 3042”. 


23. The twenty-third is the parallel with a longest day of 173 equinoctial hours. 
This is 56° from the equator, and goes through the middle of Great Brittania. In 
this region, for a gnomon of 60°, the summer [solsticial] shadow is 379°, the 
equinoctial shadow 888°, and the winter [solsticial] shadow 3354? 


24. The twenty-fourth is the parallel with a longest day of 174 equinoctial 
hours. This is 57° from the equator, and goes through Caturactonium in 
Brittania. In this region, fora gnomon of 60°, the summer [solsticial] shadow is 
395°, °! the equinoctial shadow is 923°, and the winter [solsticial] shadow is 
nes.” 


25. The twenty-fifth is the parallel with a longest day of 18 equinoctial hours. 
This is 58° from the equator and goes through the southern part of Little 
Brittania.® In this region, for a gnomon of 60°, the summer [solsticial] shadow is 
403°, the equinoctial shadow 96°, and the winter [solsticial] shadow 41974°.°! 


26. The twenty-sixth is the parallel with a longest day of 183 equinoctial hours. 
This is 593° from the equator, and goes through the middle of Little Brittania. 

From here on we no longer used 4-hour increments, since [at intervals of 
j-hour for the longest daylight] the parallels are now close together, and the 
difference in the elevation of the pole is no longer as mach as a whole degree. 
Furthermore, for the points even further north there is not the same need for 
detail. Hence we considered it superfluous to list the ratios of the shadows to the 
gnomon, as if it were for some well-defined place. 


27. The parallel where the longest day is 19 equinoctial hours is 61° from the 
equator and goes through the northern parts of Little Brittania. 


*8 Computed: 55;7,16. From here on the roundings become much more drastic. 

*’ By ‘Great Brittania’ and ‘Little Brittania’ Ptolemy refers to the two principal islands of the 
British isles, namely modern ‘Great Britain’ (England, Wales and Scotland) and Ireland. None of 
the places called Brigantium were in Britain. However, there was in Britain a tribe of Brigantes, 
whose kingdom was sometimes known as Brigantia (which was further to the north than this 
latitude would imply). Ptolemy presumably made an error here. He seems to have corrected it by 
the time he came to write the Geography, which does mention the Brigantes, but no Brigantium in 
Britain. 

6° Modern Catterick in Yorkshire. The usual Latin form is ‘Cataractonium’. 

6 Reading 46 ¢’ (with D, Is) for 48 y’ (39) at H113.4. Computed for @ = 57°: 39:10,48. 

© Reading top [e (with B°D’, Ar) for toB 1B’ (37215) at H113,5. Computed: for @ = 59°: 
BPR eval 

*} Treland: see above n.59. 

a Computed for @ = 58°: 419;15,1. Perhaps one should emend to 4194 (8’ fori’ at H113,11). Cf. 

“119°, Ger. 
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28. The parallel where the longest day is 193 equinoctial hours is 62° from the 
equator and goes through the islands called ‘Eboudae’.© 


29. The parallel where the longest day is 20 equinoctial hours is 63° from the 
equator and goes through the island Thule.© 


30. The parallel where the longest day is 21 equinoctial hours is 643° from the 
equator and goes through unknown Scythian peoples. 


31. The parallel where the longest day is 22 equinoctial hours is 657° from the 
equator. 


32. The parallel where the longest day is 23 equinoctial hours is 66° from the 
equator. 


33. The parallel where the longest day is 24 equinoctial hours is 66;8,40° from 
the equator. This is the first of the [parallels] where the shadow goes full circle.” 
For on that parallel, at the summer solstice (and then only), the sun does not set, 
so the shadow of the gnomon points towards every part of the horizon [in turn]. 
There the parallel of the summer solstice is ever-visible, and the parallel of the 
winter solstice is ever-invisible, since both are tangent to the horizon, on 
opposite sides. And the ecliptic coincides with the horizon when the spring 
equinoctial point on it is rising. 


If, purely theoretically, one were to investigate some of the general 
characteristics of the latitudes even farther north, one would find the following. 


34. Where the elevation of the north pole is about 67°, the 15° of the ecliptic on 
either side of the summer solstice do not set at all. So the longest day and the 
period when the shadow turns to point in all directions on the horizon is about a 
month long. This too can easily be seen from the Table of Inclination set out 
[above]. For we take a parallel, e.g. the parallel which cuts off [a segment of the 
ecliptic] 15° either side of the solstice (at which point it 1s either ever-visible or 
ever-invisible). The distance from the equator corresponding to that segment of 
the ecliptic will, obviously, give the amount by which the elevation of the north 
pole differs from the 90° of the quadrant. 


35. Thus, where the elevation of the pole is 693°, one would find that the 30° on 
either side of the summer solstice do not set at all. So the longest day and the 


65 By this name (which possibly ought to be aspirated, as ‘Hebudae’ in Pliny VH 4.30) Ptolemy 
refers to the Hebrides, which he supposed to lie north of Ireland. 

66 By ‘Thule’ Ptolemy refers to the modern Shetlands, as is clear from his Geography (IL 3 32). It has 
been a matter of great dispute to what place (ifany) the man who first introduced the name ‘Thule’ 
to the Greek world, Pytheas of Massalia, was referring. For ancient information on Pytheas’ voyage 
to Thule, a discussion of its identification and references to modern literature see Hennig, 7 errae 
Incognitae 1 119-24, 129-35. 

*’ tepioKioc. Cf. p. 82 n.24. 

68 See Appendix A, Example 1d. 
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period when the gnomons throw shadows in all directions last about two 
months. 


36. Where the elevation of the pole is 733°, one would find that the 45° on either 
side of the summer solstice do not set at all. So the longest day and the period 
when the gnomons throw shadows in all directions last about three months. 


37. Where the elevation of the pole is 783°, one would find that the 60° on either 
side of the same solstice do not sct at all. So the longest day and the period when 
the shadow turns through a full circle would last about four months. 


38. Where the elevation of the pole is 84°, one would find that the 75° on either 
side of the summer solstice do not set at all. So in this case the longest day would 
be about five months long, and the gnomon would throw shadows in all 
directions for the same period. 


39. Where the north pole is elevated from the horizon through the 90° of the 
complete quadrant, the whole semi-circle of the ecliptic which is north of the 
equator never goes below the earth, and the whole semi-circle south of it never 
comes above the earth. Therefore every year contains only one day and one 
night, each about six months long, and the gnomons always throw shadows in 
all directions. Further special characteristics of this latitude are that the north 
pole is in the zenith, and that the equator coincides with the position of the ever- 
visible circle, and also with that of the ever-invisible circle and with the horizon; 
thus the whole hemisphere north of the equator is always above the earth, and 
the whole hemisphere south of the equator is always below the earth. 


7. {On simultaneous risings of arcs of the ecliptic and equator at sphaera obliqua}®® 


After we have thus set out the general characteristics which can be theoretically 
deduced for the [various] latitudes, our next task is to show how to calculate, for 
each latitude, the arcs of the equator, measured as time-degrees, which rise 
together with [given] arcs of the ecliptic. From this we shall systematically derive 
all the other special characteristics [of the climata]. We shall use the names of 
the signs of the zodiac for the twelve [30°- ] divisions of the ecliptic, according to 
the system in which the divisions begin at the solsticial and equinoctial points. ”° 
We call the first division, beginning at the spring equinox and going towards the 
rear with respect to the motion of the universe, ‘Aries’, the second ‘Taurus’, and 
so on for the rest, in the traditional order of the 12 signs. 

We shall first prove that arcs of the ecliptic which are equidistant from the 
same equinox always rise with equal arcs of the equator. 


§9See HAMA 34-7, Pedersen 110-13. 


eo tes the spring equinox defines ‘Aries 0°, etc. This specification was necessary because other 
norms existed in antiquity, notably those where the spring equinox was at P 8° and P 10° (derived 
from Babylonian practice). See HAMA II 594-8. 
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[See Fig. 2.4.] Let ABGD be a meridian, BED the semi-circle of the horizon, 
AEG the semi-circle of the equator, and ZH and OK two arcs of the ecliptic 
such that points Z and © are each supposed to be the spring equinox, and equal 
arcs have been cut off on opposite sides of [that equinox]: these are arcs ZH and 
OK, which are rising at points K and H [respectively]. I say, that the arcs of the 
equator which rise with them, namely ZE and OE respectively, are equal. 
[Proof.] Let points L and M represent the poles of the equator, and draw 
through them the great-circle arcs LEM, LO, LK, ZM and MH. Then since 


B A 


Fig. 2.4 


arc ZH = arc OK, 
and arc LK = arc MH] _ because the parallels 
through K and H are 
equidistant from the 
equator on opposite 
and arc EK = arc EH J sides,” 
[spherical triangle] LK© = [spherical triangle] MHZ 
and [spherical triangle] LEK = [spherical triangle] MEH. 
-. Z KLE = Z HME, 
and Z KLO = Z HMZ. 
Therefore, by subtraction, Z ELO = Z EMZ. 
.. EO = EZ, bases [of congruent triangles ELO, EMZ]. 
Q.E.D. 
Again, we shall prove that if two arcs of the ecliptic are equal and are 
equidistant from the same solstice, the sum of the two arcs of the equator which 


Cf. I 3 (p. 79). 
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rise with them is equal to the sum of the rising-times [of the same two arcs of the 
ecliptic] at sphaera recta. 

[See Fig. 2.5.] Let ABGD be a meridian, and let semi-circle BED represent 
the horizon, and semi-circle AEG the equator. Draw two arcs of the ecliptic, 
equal and equidistant from the winter solstice, ZH (where Z is taken as the 
autumnal equinox) and @H (where © is taken as the spring equinox). 


Pies 


Thus H is the point on the horizon which is common to the rising of both, 
since arcs ZH and OH are both bounded by the same parallel circle to the 
equator. Therefore, obviously, arc OE riscs with arc OH, and arc EZ with arc 
ZH. Then it is immediately obvious that the whole arc OEZ is equal to the sum 
of the rising-times of arc ZH and arc OH at sphaera recta. 

[Proof.] For if we take K as the south pole of the equator, and draw through it 
and H the great-circle quadrant KHL, which represents the horizon at sphaera 
recta, then @L is the arc which rises with arc OH at sphaera recta, and similarly 
LZ is the arc which rises with arc ZH. Thus the sum of the arcs (OL + LZ) 
equals the sum of the arcs (OE + EZ), and both are comprised in the arc OZ. 

Ope): 

From the above we have shown that, if we can calculate the individual rising- 
times at any latitude for just a single quadrant, we will simultaneously have 
solved the problem for the remaining three quadrants as well. 

This being the case, let us again take as a paradigm the parallel through 
Rhodes, where the longest day is 14 equinoctial hours, and the elevation of the 
north pole from the horizon is 36°. 

[See Fig. 2.6.] Let ABGD be a meridian, BED the semi-circle of the horizon, 
AEG the semi-circle of the equator, and ZHO the semi-circle of the ecliptic, 
positioned so that H represents the spring equinox. Take K as the north pole of 
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Fig. 2.6 


the equator, and draw through K and L, which is the intersection of the ecliptic 
and the horizon, the great-circle quadrant KLM. 

Let the problem be, given arc HL, to find the arc of the equator which rises 
with it, that is arc EH. 

First let arc HL comprise the sign of Aries. 

Then since, in the diagram, the two great-circle arcs ED and KM are drawn 
to meet the two great-circle arcs EG and GK, and intersect each other at L, 

Crd arc 2KD:Crd arc 2DG = 

(Crd are 2KL:Crd arc 2LM). (Crd arc 2ME:Crd arc 2EG). [M.T. 1] H122 
But arc 2KD = 72°, so Crd arc 2KD = 70;32,4°;”” 
arc 2GD = 108°, so Crd arc 2GD = 97;4,56°. 
And arc 2KL = 156;40,1°,’2 so Crd arc 2KL = 117;31,15": 
arc 2LM = 23;19,59°, so Crd arc 2LM = 24;15,57°. 
pee rdsarc 2 Grd are 2EG = (70;32,4 : 97;4,56)/(117;31,15 : 24:15,57) 
Sloe 120. 
And Crd arc 2EG = 120°. 
.“. Crd arc 2ME = 18;0,5° 
-. arc 2ME= 17;16° 
and arc ME = 8;38° 

And since the whole arc HM rises with the whole arc HL at sphaera recta, it is 
27;50°, as was shown above. [p. 73.] 

Therefore, by subtraction, EH is 19;12°. 

We have simultaneously proved that the sign Pisces rises inthe same time (in H123 


72Here (H122,4) and at H122,10 and H123,13 the Greek and Arabic ms. traditions give 70;32,4° 
as the chord of 72°, whereas in the chord table it is 70;32,3° (found here only in Ger.). Is this an 
indication that there was an earlier version of the chord table? Cf. p. 81 n.19. 

3 Reading PVG fi & (with B,Is) for PVE fl (156;41) at H122,7. Corrected by Manitius. 
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degrees) of 19;12°, and that each of the signs Virgo and Libra rises in 36;28°, 
which is the remainder [of 19;12° taken] from twice the rising-time at sphaera 
recta. 

OED: 

Secondly, let arc HL comprise the 60° of the two signs Aries and Taurus. 
Then, from our assumptions, the other quantities will remain the same, but 

arc 2KL = 138;59,42°, so Crd arc 2KL = 112;23,56°, 
and arc 2LM = 41;0,18°,”* so Crd arc 2LM = 42;1,48°. 
”. Crd arc 2ME:Crd are 2EG = (70;32,4 : 97;4,56)/(112;23,56 : 42;1,48) 
=d2-50,4: 120: 
And Crd are 2EG = 120°. 
.. Crd arc 2ME = 32;36,4?. 
-. arc 2MiE = 31;32°, 
and arc ME& 15;46°. 

But the whole arc MH” was previously shown to be 57;44° [ p. 73.] 

Therefore, by subtraction, arc HE = 41;58°. 

Therefore the combined sigris of Aries and Taurus rise in 41;58 time degrees, 
of which 19;12° was shown to belong to the rising-time of Aries. Therefore the 
sign of Taurus by itself rises in 22;46 time-degrees. 

By the same reasoning as before, the sign of Aquarius will rise in the same 
time of 22;46°, and each of the signs of Leo and Scorpio in 37;2°, which is the 
remainder [of 22;46° taken] from twice the rising-time at sphaera recta. 

Now since the longest day is 14} equinoctial hours, and the shortest Fi 
equinoctial hours, it is obvious that the semi-circle [of the ecliptic] from Cancer 
to Sagittarius will rise with 217;30° of the equator, and the semi-circle from 
Capricorn to Gemini with 142;30°. Therefore each of the quadrants on either 
side of the spring equinox will rise in 71;15 time-degrees, and each of the 
quadrants on either side of the autumnal equinox will rise in 108;45 time- 
degrees. Therefore the remaining signs [in each quadrant], Gemini and 
Capricorn, will each rise in 29;17 time-degrees, which is the difference [of 
19;12° + 22:46°] from the 71;15° in which the quadrant rises, and the 
remaining signs Cancer and Sagittarius will each rise in 35;15 time-degrees, 
which is the difference [of 36;28° + 37;2°] from the 108;45° in which that 
quadrant rises. 

It is obvious that we could also calculate the rising-times of smaller arcs of the 
ecliptic [than whole signs] by exactly the same method. But we can also 
compute them by another easier and more practical procedure, as follows. 

{See Fig. 2.7.] First let ABGD represent a meridian, BED the semi-circle of 
the horizon, AEG the semi-circle of the equator, and ZEH the semi-circle of the 
ecliptic, with the intersection E taken as the spring equinox. Cut off an arbitrary 
arc EO on[the ecliptic], and draw the segment OK of the parallel to the equator 
through ©. Taking L as the [south] pole of the equator, draw through it the 
great-circle quadrants LOM, LKN and LE. 


“Reading P@ o TH (with Ar and variants in Greek mss.) for ff 6 TH (41;9,18) at H123,11. 
Corrected by Manitius. 


Correcting the misprint ‘ME’ at H123,21, with Manitius. 
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Then it is immediately obvious that the segment EO of the ecliptic rises with 
arc EM of the equator at sphaera recta, and with NM at sphaera obliqua, since arc 
K® of the parallel circle, with which segment E@ rises [at sphaera obliqua], is 
similar to arc NM of the equator and similar arcs of parallel circles rise in equal 
times everywhere. Therefore arc EN is the difference between the rising-times 
of segment E® at sphaera obliqua and at sphaera recta. Thus we have shown that, 
for arcs of the ecliptic bounded by point E and the parallel circle through K, in 
every case, if the great-circle arc corresponding to LKN is drawn, segment EN 
will comprise the difference between that arc’s rising-times at sphaera recta and at 
sphaera obliqua.’® 

O[E_D, 

Having established this as a preliminary, let us draw [see Fig. 2.8] a diagram 
containing only the meridian and the semi-circles of the horizon [BED] and of 
the equator [AEG]; through Z, the south pole of the equator, let us draw the two 
great-circle quadrants ZHO© and ZKL. Let us take H as the intersection of the 
horizon with the parallel circle through the winter solstice, and K as the 
intersection [of the horizon] with the parallel circle through, e.g., the beginning 
of Pisces, or any other given point on the quadrant [from the beginning of 
Capricorn to the end of Pisces]. 

Then, again, the great-circle arcs ZKL and EKH are drawn to meet the 
great-circle arcs ZO and EO, and intersect each other at K. Therefore 

Crd arc 2@H:Crd arc 2ZH = 

(Crd arc 2OE:Crd arc 2EL). (Crd arc 2KL:Crd are 2KZ) —[M.T. II 

But at every latitude arc 20H is given and is the same, since it is the arc 

between the solstices. Hence arc 2HZ, its supplement, is also given. Similarly, 


76 This arc EN is known in mediaeval astronomy as the ‘ascensional difference’. See HAMA 36 
and 980-2, and Neugebauer-Schmidt. 
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for the same arc of the ecliptic, arc 2LK is the same at all latitudes, and is given 
from the Table of Inclination [I 15]; and thence again its supplement, arc 2K Z, 
is given. Therefore, by division [of the above members], (Crd arc 20E:Crd arc 
2EL) is found to be the same at all latitudes (for the same arc of that quadrant 
[of the ecliptic]). 

Since this is so, we take the different values of arc KL at every 10° [of the 
ecliptic] through the quadrant from the spring equinox to the winter solstice 
(for subdivision down to arcs of this size [10°] will be sufficient for practical 
purposes). Then in every case 

arc 2QOH = 47;42,40°, and Crd arc 20H = 48;31,55°, 

arc 2HZ = 132;17,20°, and Crd arc 2HZ = 109;44,53" 

Then, for the 10° [of the ecliptic] from the spring equinox towards the winter 
solstice, 

arc 2KL = 8;3,16°, and Crd arc 2KL = 8;25,39°, 

arc 2KZ = 171;56,44°, and Crd arc 2KZ = 119;42,14°. 

For the arc 20° from the equinox 

arc 2KL = 15;54.6°, Crd arc 20 = 16735556, 

are 2K Z = 164;5.54°, Crd arc 2KZ = 118;50.47". 
For the arc 30° from the equinox 

arc 2LK = 23;19,58°, Crd arc 2LK = 24;15,56?, 

arc 2KZ = 156;40,2°, Crd arc 2KZ = 117;31,15°. 
For the arc 40° from the equinox 

arc 2LK = 30;8,8°, Crd arc 2LK = 31;11,43°. 

are 2KZ = 149;51,52°, Crd are 2K 7 = Va 20". 
For the arc 50° from the equinox 

arc 2LK = 36;5,46°, Crd arc 2LK = 37;10,39?, 

arc 2KZ = 143;54,14°, Crd arc 2KZ = 114;5,44?. 
For the arc 60° from the equinox 
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arc 2LK = 41;0,18°, Crd arc 2LK = 42;1,48°, 

arc 2KZ, = 138;59,42°, Crd arc 2KZ = 112:23,57°. 
For the arc 70° from the equinox 

are 2LK =944;40)22°, Crd arc 2LK = 45;36,18” 

arc 2KZ = 135;19,38°, Crd arc 2KZ = 110;59,47°. 
For the arc 80° from the equinox 

arc 2LK = 46;56,32°, Crd arc 2LK = 47;47,40°, 

arc 2KZ = 133;3,28°, Crd arc 2KZ = 110;4,16°. 

From the above we find that if we divide the ratio (Crd arc 20H:Crd arc 
2HZ), namely (48:31,55 : 109;44,53), by the ratio (Crd arc 2LK:Crd arc 2KZ), 
as given above, at each of the 10° intervals, we will get the ratio (Crd arc 
20E:Crd arc 2EL), which is the same at all latitudes. 

For the 10° arc it is 60 : 9;33 
for the 20° arc 60 : 18;57 
for the 30° arc 60 : 28;1 
for the 40° arc 60 : 36;3377 
for the 50° arc 60 : 44;12 
for the 60° arc 60 : 50;44 
for the 70° arc 60 : 55:45 
and for the 80° arc 608555. 

It is immediately obvious that for each latitude we will have arc 20E asa 
given arc, since it is, in degrees, the difference in time-degrees of the equinoctial 
day from the shortest day. Hence, from Crd are 20E and the ratio (Crd arc 
2@E:Crd arc 2EL), Crd arc 2EL will be given, and [hence] arc 2EL. We will 
subtract half of this, namely arc EL, which comprises the above-mentioned 
difference [between rising-times at sphaera recta and sphaera obliqua], from the 
rising-time of the ecliptic arc in question at sphaera recta, and thus obtain the 
rising-time of the same arc at the given latitude. 

As an example, let us again take the latitude of the parallel through Rhodes. 
Here 

arc 2E® = 37;30°, so Crd arc 2EO ~ 38;34?. 
Then since 60 : 38,34 = 9:33 : 6:8 

SBS 72s) 1 

= 2BrIF 918-0 

= 36;33.: 23;297° 

= 44:12 : 26725 

= 50;44 : 32;37 

= 55:45 : 35;5279 

= 58:55 : 37;52, 


77 Computed from Ptolemy’s figures: 36;31,42. For the arc 40° above, a more accurate value for 
Crd arc 2KZ would be 115;52,26". However, substituting that leads to 36;31,40 here. In either case, 
36;32 would be the correct result to the nearest minute. This is the reading of Ger, but the rest of the 
tradition is unanimous for 36;33. 

78 Accurate computation with 36;33 here gives 23;29,36, while 36;32 (see n.77) gives 23;28,58. 
This speaks in favour of the reading 36;32, but not decisively. 

79 Computed: 35;50,6. However 35;52 is guaranteed by 17;24 for the seventh 10° arc below (35;50 
leads to 17;23°). 
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and since Crd arc 2EL equals the above amount [6;8", etc. ] at each of the above- 
mentioned 10° intervals, half of the arc it subtends, namely arc EL, will assume 


the following values: 
for the first 10° 

up to the end of the second 
up to the end of the third 
up to the end of the fourth 
up to the end of the fifth 
up to the end of the sixth 
up to the end of the seventh 
up to the end of the eighth 


up to the end of the ninth, obviously, 


256° 
5;50° 
8;38° 
Pali 
13;42° 
15;46° 
17;24° 
18;24° 
18;45°. 


Since the corresponding rising-times at sphaera recta are as follows: 


for the first 10° 
up to the end of the second 
up to the end of the third 
up to the end of the fourth 
up to the end of the fifth 
up to the end of the sixth 
up to the end of the seventh 
up to the end of the eighth 
and up to the end of the ninth 


9;10° 
1$:25° 
27:50° 
Sees Ua 
47;28° 
57;44° 
68; 18° 
(Maa 
90° _—=—s (the time- 


degrees of the whole quadrant), 
it is clear that by subtracting the difference, given by the arc EL, from the 
corresponding rising-time at sphaera recta in each case, we get the rising-times of 


the same arcs at the latitude in question. These are 


for the first 10° 
up to the end of the second 
up to the end of the third 
up to the end of the fourth 
up to the end of the fifth 
up to the end of sixth 
up to the end of the seventh 
up to the end of the eighth 
up to the end of the ninth 
(i.e. for the whole quadrant) 


6;14° 
35" 
lee 
2013° 
Sa -407 
41;58° 
50 54° 
60;41° 
HWS 
(which cor- 
responds to the 
length of half of 
the [shortest] day). 


The ten-degree segments will rise in the following time-degrees: 


Ist 

2nd 
3rd 
4th 
5th 
6th 
7th 


6;14° 
6;21° 
6:37° 

Fit eg 
Tes3e 
8;12° 
8;56° 
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8th o47e 
9th 10;34°. 

Once we have established the above, the corresponding rising-times of the 
remaining quadrants will immediately be established on the same basis, by 
means of the theorems set out above. 

In the same way we calculated the rising-times at every 10° interval for all 
other parallels which one might come upon in actual practice. For future use we 
shall set these out in tabular form, beginning with the parallel directly beneath 
the equator, and going as far as the parallel with a longest day of 17 hours. The 
parallels are taken at intervals of }-hour [of longest day], since the difference [of 
exact computations] from results derived from linear interpolation [between 
half-hour intervals] is negligible. In the first column we put the 36 ten-degree 
intervals of the circle, in the next the corresponding time-degrees of the rising- 
time of that 10-degree arc at the latitude in question, and in the third the 
accumulated sum, as follows. 


H133 


8. {Table of rising-times at ten-degree intervals}*° H134—41 


[See pp. 100-3.] 
9. {On the particular features which follow from the rising-times}*" 


Now that we have set out the rising-times in the above manner, all the other 
problems associated with this subject will be easily soluble, and we shall not 
need to go through geometrical! proofs or construct special tables to solve each 
problem. This will become clear from the actual methods described below. 

First, one can find the length of a given day or night as follows. Take the 
rising-times of the appropriate latitude; for the day, count from the degree in 
which the sun is to the degree diametrically opposite, going towards the rear 
through the signs; for the night, count from the degree opposite the sun to the 
sun’s degree. Form the sum of the rising-times [of the relevant 180°], and Gimide 
by 15: this will give the relevant interval in equinoctial hours. If we take 73th [of 
the sum of the rising-times] we will have the length of the seasonal hour of that 
interval [i.e. day or night] in time-degrees. 

One can also find the length of the [seasonal] hour more conveniently by 
taking, from the above Table of Rising-times [II 8], the total rising-time 
corresponding to the sun’s degree for the day (or the degree opposite the sun for 
the night) both at the parallel beneath the equator [i e. sphaera recta and at the 
relevant latitude, and forming the difference. Take 4th of the latter, and add it 
to the 15 time-degrees of one equinoctial hour for points on the northern semi- 
circle [of the ecliptic], or subtract it from 15° for points on the southern semi- 
circle: the result will be the length of the relevant seasonal hour in time- 


degrees. * 


8 Correction to text: at H138,2 (latitude for M = 16") read ji AB (with Ar) forpy (48°). Cf 116 p. 


87. 
81See HAMA 40-3 (with worked examples) and Pedersen 113-15. 


82 See Appendix A, Example 2. 
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TABLE OF RISING-TIMES AT 10° INTERVALS 


SPHAERA RECTA| AVALITE GULF MEROE 
ee 0° 123° 8;25° 13° 16;27° 
Accumulated Accumulated Accumulated 
’ Time-Degrees ’ Time-Degrees | » Time-Degrees 


i} WE) 
7 Was 
26 6 


Some 
Ay avs) 
5434 


10 34 ) 64 49 
10 47 : oe U3 22: 
10 55 86 15 


10 55 : Oly ie 
10 47 108 13 
10 34 3 De 119 6 


ele) ae 
140 14 
150 26 


189 45 
199 36 
209 34 


219 46 
SCORPIUS 9 230 13 
10 16 | 237 44 | 240 54 


10 34 248 18 Alay 
SAGITTARIUS 10 47 LEE & . 262 46 
10 55 270 0 $ ZENS) 485) 


10 55 280 55 10 51 284 36 
CAPRICORNUS 10 47 PAS) aoe 10 35 295 11 
: 10 34 302 16 10 15 | 305 26 


10 16 BND BS 9 51 35) 17 
AQUARIUS 9 58 322 30 9 29 394 46 
9 40 332 al 9 8 333 54 


) eal hy) 8 52 342 46 
|) 350 50 8 39 Bollea 
9 10 300 0 8 35 360 0 
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SOENE LOWER EGYPT RHODES 
10° 3 Bpei le 14" 30;22° 36:0° 
Inter- Accumulated Accumulated Accumulated 
vals ’ Time-Degrees ° *’Time-Degrees ’ 'Time-Degrees 


TAURUS 


SCORPIUS 


: 262 14 
SAGITTARIUS Bilas Gx) 
285 0 


295 38 
305 38 
lla 100) 
Bzo 32 
AQUARIUS : ; NL ie 


oe) 
346 17 
353 12 
360 0 
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HELLESPONT 


15° 


40;56° 


Accumulated 


MIDDLE OF 
PONTUS 
153" 45;1° 
Accumulated 
" Time-Degrees 


MOUTHS OF 
BORYSTHENES 
16" 48;32° 
Accumulated 
’ Time-Degrees 


SCORPIUS 


SAGITTARIUS 


CAPRICORNUS 


AQUARIUS 
PISCES 
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SOUTHERNMOST 
BRITTANIA 
163° 51;30° 


Accumulated [| 


Time-Degrees 


MOUTHS OF 


ek 


TANAIS 
aAeile 
Accumulated 
Time-Degrees 


SCORPIUS 


SAGITTARIUS 


1 


CAPRICORNUS 


AQUARIUS 


PISCES 
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Next, one can convert seasonal hours for a given date into equinoctial hours 
by multiplying them by the length in time-degrees of the hour of the day in 
question at the relevant latitude (if they are hours of the day), or by the length in 
time-degrees of the hour of the night in question (if they are hours of the 
night). Then division of that product by 15 will give the total of equinoctial 
hours. Vice versa, one can convert equinoctial hours to seasonal by multiplying 
by 15 and dividing by the length of the hour of the relevant interval in time- 
degrees.®? 

Furthermore, given a date and any time whatever, expressed in seasonal 
hours, on that date, we can find, first, the degree of the ecliptic rising at that 
moment. We do this by multiplying the number of hours, counted from sunrise 
by day, and from sunset by night, by the relevant length of the [seasonal] hour 
in time-degrees. We add this product to the rising-time at the latitude in 
question of the sun’s degree by day (or the degree opposite the sun by night): the 
degree [of the ecliptic] with rising-time corresponding to the total will be rising 
at that moment.** 

[Secondly], if we want to find the point at upper culmination [at the given 
moment], we take in every case [1.e. for both day and night] the total of seasonal 
hours from the last midday to the given time, multiply it by the appropriate 
length(s) of the hour(s) in time-degrees, and add the product to the rising-time 
at sphaera recta of the sun’s degree: the degree [of the ecliptic] with rising-time at 
sphaera recta equal to the total will be at upper culmination at that moment.® 

Similarly, we can find the culminating point from the rising point as follows: 
find from the table of rising-times for the relevant latitude the cumulative 
rising-times corresponding to the degree which is rising. Subtract from it, in 
every case, the 90° of the quadrant [of the equator between horizon and 
meridian]. The degree corresponding to the result in the column for rising- 
times at sphaera recta will be at upper culmination at that moment.® Vice versa, 
one can find the rising point from the culminating point by taking the degree 
corresponding to the culminating point in the column for rising-times at sphaera 
recta, adding to it, in every case, the above 90°, and finding the degree 
corresponding to the result in the column for rising-times for the latitude in 
question: this degree will be rising at that moment. 

It is also obvious that for those living beneath the same meridian the sun is the 
same distance from noon or midnight, counted in equinoctial hours, while for 
those living beneath different meridians the sun’s distance from noon or 
midnight differs by an amount, counted in time-degrees, equal to the distance 
of one meridian from the other in degrees. 


83 See Appendix A, Example 3. 

** This sentence, like the corresponding one in the next problem, is a paraphrase giving the sense 
of Ptolemy’s ambiguous expression. Literally ‘we count off this product towards the rear through 
the signs, beginning from the sun’s degree. . . by night, according tothe rising-times of the latitude in 
question: we say that whatever degree this amount reaches is the degree rising at that moment’. See 
Appendix A, Example 4. 

85 See Appendix A, Example 5. 

86 See Appendix A, Example 6. 


IT 10. Angles between the ecliptic and other circles 105 


10. {On the angles between the ecliptic and the meridian}®" 


The remaining topic in the present theory is the discussion of angles formed at 
the ecliptic. We must first make clear that we define an angle between [two] 
great circles as follows: we say that [two] great circles forma right angle when a 
circle having as pole the intersection of the great circles and as radius any 
distance whatever has [exactly] a quadrant intercepted between the segments 
of the great circles forming the angle; in general, whatever ratio the intercepted 
arc of a circle described in the above manner bears to the whole circle is the 
same as the ratio of the angle between the planes [of the two great circles] to 4 
right angles. Thus, since we set the circumference of the circle as 360°, the angle 
subtending the intercepted arc will contain the same number of degrees as the 
arc, in the system where one right angle contains 90°. 

For the purposes of our present investigation, the most useful of the angles at 
the ecliptic are those formed by 
[1] the intersection of the ecliptic and the meridian, 

[2] the intersection of the ecliptic and the horizon for all positions [of the 
ecliptic], and 

[3] the intersection of the ecliptic and a great circle drawn through the poles of 
the horizon [1.e. an altitude circle]; 

the process of finding the latter will also produce the arc of this [altitude] circle 

cut off between its intersection with the ecliptic and the pole of the horizon, i.e. 

the zenith. Computation of each of the above angles, besides being a most 

suitable topic for the theory proper, also plays a very important part in the 

requirements for lunar parallax: it is impossible to make any progress in that 

subject without having first understood how to compute these angles. 

Now there are four angles at the intersection of the two circles (I mean the 
ecliptic and any of the [above] circles meeting it). Since we shall [always] discuss 
only one of these, which always occupies the same relative position, we must 
make the following preliminary definition. In general, when we demonstrate in 
what follows the characteristics and size of an angle, we refer to that angle [of 
the four possible] which lies to the rear of the intersection of the circles and to the 
north of the ecliptic. 

The computation of the angles between the meridian and the ecliptic is 
simpler, so we shall start with that, and first we shall show that points on the 
ecliptic equidistant from the same equinox produce angles of the above kind 
equal to each other. 

[See Fig. 2.9.] Let ABG be an arc of the equator, DBE an arc of the ecliptic, 
and Z the pole of the equator. Cut off equal arcs, BH and BO, on opposite sides 
of the equinox B, and draw through pole Z and points H, © the meridian arcs 
ZKH and Z@L. I say that 

. ZB = 2 ZOE. [10.1] 
[Proof:] This is immediately obvious. For the spherical triangle BHK has all its 


87On chapters 10 and 11 see HAMA 45-8, Pedersen 115-18. 


88 | iterally ‘that one of the two angles on the arc to the rear of the intersection of the circles which 
is to the north of the ecliptic’. See HAMA 45 with Fig. 38. 
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Dg 


& 


Fig. 2.9 


angles equal to the angles of spherical triangle BOL, since the three 
corresponding sides in each triangle are equal, HB to BO, HK to OL, and BK to 
BL. All this has been proven previously.®° 
Therefore 2 KHB = Z BOL. = Z ZOE. 
Q.E.D. 

Secondly, we must prove that the sum of the angles between ecliptic and 
meridian at points on the ecliptic equidistant from the same solstice is equal to 
two right angles. 

[See Fig. 2.10.] Let ABG be an arc of the ecliptic, with B taken as solstice. Let 
equal arcs, BD and BE, be taken on opposite sides of it, and draw through Z, the 
pole of the equator, and points D, E the meridian arcs ZD and ZE. I say that 

Z ZDB + Z ZEG = 2 right angles [10.2] 
{Proof:] This too is immediately obvious. For since points D and E are 
equidistant from the same solstice, 
arc DZ = arc ZE. 
= £ ZDB=Z ZEB. 
But Z ZEB + Z ZEG = 2 right angles. 
-. Z ZDB + Z ZEG = 2 right angles. 
Q.E.D. 

Having established these preliminary theorems, let us draw [Fig. 2.11] the 
meridian circle ABGD and the semi-circle of the ecliptic AEG (taking A as the 
winter solstice); then with pole A and radius the side of the [inscribed] square 
draw semi-circle BED. Then, since meridian ABGD goes through the poles of 
AEG and the poles of BED, arc ED is a quadrant.” 


*°HB = BO by construction, HK = OL, declinations of points equidistant from an equinox (cf. p. 
80 n.15); BK = BL, cf. II 7 (arc EO = arc EZ p 91). 
*®Derivable from Theodosius Sphaerica II 9. 
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A 


Fig. 2.10 


Fig. 2.11 


Therefore Z DAE is right. 
And the angle at the summer solstice is also right, from the previous theorem 
[10.2]. 
Q.E:D, 
Again, [see Fig.2.12] let ABGD be a meridian circle, AEG a semi-circle of the 
equator, and AZG a semi-circle of the ecliptic in such a position that A is the 
autumnal equinox. Then with pole A and radius the side of the [inscribed] 
square draw semi-circle BZED. 
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By the same reasoning [as above], since ABGD goes through the poles of 
[circles] AEG and BED, AZ and ED are quadrants. Hence point Z 1s the winter 
solstice, and 

arc ZE © 23;51°, as was shown previously [I 12 p. 63]. 
‘Therefore, by addition, arc ZED = 113;51° 
and Z DAZ = 113;51° where one right angle = 90°. 
And again, from the previous theorem [10.2], the angle at the spring 
equinoctial point is the supplement, 66;9°. 

Again [see Fig. 2.13] let ABGD be a meridian circle, AEG a semi-circle of the 

equator, and BZD a semi-circle of the ecliptic in such a position that point Z is 


B 


ee. 


Fig, 2.13 
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the autumnal equinox, and arc BZ is (first of all) the length of one sign, thatof HI151 
Virgo; thus point B, obviously, is the beginning of Virgo. Again, with pole Band 
radius the side of the [inscribed] square, draw semi-circle HOEK. 

Let the problem be to find Z KBO. 

Now since meridian ABGD goes through the poles of [circles] AEG and 
HEK, arc BH, arc BO and arc EH are all quadrants. 

And, from the figure, 

Crd arc 2BA:Crd arc 2AH = 

(Crd arc 2BZ:Crd arc 2@Z). (Crd arc 2@E:Crd arc 2EH). [M.T. II] 
But, as was shown previously,’! arc 2BA = 23:20°, so Crd arc 2BA = 24;16°, 
arc 2AH = 156;40°, so Crd arc 2AH = 117;3}?, 
and arc 2ZB = 60°, so Crd arc 2ZB = 60°, H152 
are 220) = 120", so Crd arc 27@' = 103:55,23°. 
-. Crd arc 2OE:Crd arc 2EH = (24516 : 117;31)/(60 : 103;55,23) 
== 4958": 120. 
But Crdiarc 2EH = 120" 
-. Crd arc 20E = 42;58° 
-. ane 208 = 42° 
and arc OE* 21°.” 

Therefore, by addition [of a quadrant] arc OEK = Z KBO = 111°, and the 
angle at the beginning of Scorpius is also 111°, and the angles at the beginning 
of Taurus and Pisces are each 69°, the supplement, by the theorems proved 


above [10.1 and 10.2]. 
(Send), 


Next, in the same figure [2.13], let arc ZB represent two signs, so that point B 
is the beginning of Leo. Then, with the [other] quantities remaining the same, 
arc 2BA = [25(60°)=] 41°, so Crd arc 2BA = 42;2? 
and arc 2AH = 139°, so Crd arc 2AH = 112;24?; 
furthermore arc 2ZB = 120°, so Crd arc 2ZB = 103;55,23° Hiss 
and arc 2ZO = 60°, so Crd arc 2Z0 = 60°. 
vm@rdare 2OE-;Crd arc 2EH = (42:2 : 112;24)/(103;55,23 : 60) 
= 25.59.2120: 
”. Crd arc 20E = 25;53? 
> arezom = 25° 
and arc OE 123°.% 
Therefore, by addition, arc OEK = Z KBO = 1023°. 
Therefore the angle at the beginning of Sagittarius is also 1023°, and the angle 
at both the beginning of Gemini and the beginning of Aquarius is the 
supplement, 772°. 
We have [thus] calculated what we set out to do. It is sufficient for practical 
use to display [the results] for each sign, although the same procedure would 
apply to even smaller sections of the ecliptic. 


°! Reference to II 7 p. 93. The quantities are rounded here. 
82 Accurate computation would give 20;58° to the nearest minute. 
%3 Accurate computation would give 12;28° to the nearest minute. 
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Next we shall show how to calculate, for any given latitude, the angles formed 
by the ecliptic at the horizon. These too can be derived by a procedure which is 
simpler than that for the remaining angles [between ecliptic and altitude 
circles]. 

Now it is obvious that the angles [between ecliptic and] meridian are the 
same as those [between ecliptic and] horizon at sphaera recta. But, in order to 
calculate these angles also at sphaera obliqua, we must first prove that points on 
the ecliptic equidistant from the same equinox produce equal angles at the same 
horizon. 

[See Fig. 2.14.] Let ABGD be a meridian circle, AEG the semi-circle of the 
equator and BED the semi-circle of the horizon. Draw two segments of the 
ecliptic. ZHO and KLM, such that points Z and K both represent the 
autumnal equinox, and arc ZH equals arc KL. 


gM 


Fig. 2.14 


H155 I say that Z EHO = Z DLK. 
[Proof:] This is immediately obvious. 
For spherical triangle EZH= spherical triangle EKL, 
since, from what was proven above, the corresponding sides are equal: 
TB eo) 
HE = EL ({arcs cut off by] the intersection of the 
horizon [with the ecliptic }) 
EZ = EK (rising-time arcs).° 
7 EHZ = 2 ELK 
-. Z EHO = Z DLK (supplements). 
© EAD. 
** ecliptic’: literally ‘the same inclined circle’. 
*° ZH = KL by hypothesis; HE = EL from II 3 (p. 79); EZ = EK from II 7 (p. 91). 
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I also say that, if two points [of the ecliptic] are diametrically opposite, the 
sum of the angles {between ecliptic and horizon] at the rising-point of one and 
the setting-point of the other is equal to two right angles. 

[Proof: see Fig. 2.15.] Ifwe draw ABGD as the circle of the horizon, and AEGZ 
as the circle of the ecliptic, so that they intersect at A and G, then 


A 


G 


Fig. 2.15 


Z ZAD + Z DAE = 2 right angles. 
pat Z ZAD=Z2 ZG) 

‘. ZZGD + Z DAE = 2 right angles. 
OED: 
Since this is so, and since we have also proven that angles at the same horizon 
formed by points {on the ecliptic] equidistant from the same equinox are equal, 
a further consequence will be that, for points equidistant from the same solstice, 
the sum of the rising-angle at one and the setting-angle at the other will be equal 

to two right angles.*° 

Hence, if we find the rising-angles from Aries to Libra [inclusive], we will 
simultaneously have found the rising-angles on the other semi-circle and the 
setting-angles on both semi-circles. We shall explain briefly how to do the 


calculation, again taking as example the same parallel, at which the elevation of 


the north pole from the horizon is 36°. 

As for the angles between ecliptic and horizon at the equinoctial points, they 
can be calculated simply. For if {see Fig. 2.16] we draw ABGD as the meridian 
circle, AED as the eastern semi-circle of the horizon in question, EZ as a 


© Proof: see Fig. E, in which the ecliptic EXT intersects the horizon SR in the setting-point S and 
the rising-point R. T is the solstice, E the equinox (hence ET = 90°) and the two points X and R are 
the same distance, d, from T. Then EX = TE - TX = 90° - d. ES= RS—- RE = 180° - (90° + d) 
= 90° - d. -- EX = ES. Therefore setting-angle at X equals setting-angle at S (p. 110). But the sum 
of the angles at the rising-point R and the setting-point S is 2 right angles (p. 111). Therefore the 
sum of the rising-angle at R and the setting-angle at X equals 2 right angles. 
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Fig. E 


B 


Fig. 2.16 


quadrant of the equator, and EB and EG as two quadrants of the ecliptic such 
that point E is the autumnal equinox with respect to EB, and the spring equinox 
with respect to EG (thus B is the winter solstice and G the summer solstice), we 
can conclude as follows. 
Ex hypothesi, arc DZ = 54° [colatitude of 36°] 
and arc BZ = are ZG = 23:51, 
arc GI 30:9" 
and are BOS 77517: 
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Thus, since E is the pole of meridian ABG, 
£ DEG, the angle at the beginning of Aries, is 30;9° } where | right 
and Z DEB, the angle at the beginning of Libra, is 77;51° angle = 90°. 

In order to explain the procedure for finding the angles at other points, let us 
take, for example, the problem of finding the rising-angle formed at the 
beginning of Taurus and the horizon. 

[See Fig. 2.17.] Let ABGD be the circle of the meridian, and BED the eastern 
semi-circle of the horizon in question. Draw semi-circle AEG of the ecliptic, so 
that point E represents the beginning of Taurus. Now at this latitude, when the 
beginning of Taurus is rising, 2¢ 17;41° is at lower culmination (we have shown 


a 
Fig. 2.17 


how such a problem can readily be solved by means of the tabulated rising- 
times).°’ Therefore arc EG is less than a quadrant. So with pole E and radius the 
side of the [inscribed] square draw the great circle segment OHZ, and complete 
the quadrants EGH and EDO. Both DGZ and ZH® are also quadrants, 
because the horizon BE® goes through the poles of meridian ZGD and of the 
great circle ZHO. Furthermore, 2 17;41° is 22;40° north of the equator, 
measured along the great circle through the poles of the equator (we have set out 
a table [I 15] for that too); and the equator is 36° from pole Z of the horizon, 
measured along the same arc, ZGD. Therefore arc ZG = 58;40°. These 
quantities being given, it then follows from the figure that 
Crd arc 2GD:Crd arc 2DZ = 
(Crd arc 2GE:Crd arc 2EH). (Crd arc 2HO:Crd arc 2Z@).  [M.T. IJ 

But, from the above, 

arc 2GD = 62:40°, so Crd arc 2GD = 62;24°, 

arc 2DZ = 180°, so Crd arc 2DZ = 120°, 


9711 9 p. 104 (simply add 180° to the point of upper culmination, which is calculated for this 
example in HAMA, 42). 
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arc 2GE = 155;22°, so Crd arc 2GE = 117;14°, 
arc 2EH = 180°, so Crd arc 2EH = 120°. 
“. Crd arc 2OH:Crd arc 2Z@ = (62;24 : 120)/(117;14 : 120) 
= 69,52 - 120: 
And Crd arc 20Z = 120°. 
.. Crd arc 2HO = 63;52" 
arc Zin) = 64;20° 
and arc HO = Z HEO = 32;10°. 
QE.D. 
To avoid lengthening the explanatory part of this treatise by continual 
repetition of the procedure, we will take the same method for granted for the 
remaining signs and latitudes.” 


12. {On the angles and arcs formed with the same circle {1.e. the ecliptic] by a 
circle drawn through the poles of the horizon}* 


It remains [to describe| the method by which we can compute the angles formed 
between the ecliptic and a circle through the poles of the horizon [i.e. an 
altitude circle] for any latitude and any position [of the ecliptic relative to the 
altitude circle]. As we said, this method also produces the size of the arc of the 
circle through the poles of the horizon cut off between the zenith and the 
intersection of that circle with the ecliptic. We shall again set out the 
preliminary theorems for this topic too: we shall prove, first, that if two points 
of the ecliptic are equidistant from the same solstice, and cut off an equal 
number of time-degrees on either side of the meridian, one to the east and the 
other to the west, then the great circle arcs from the zenith to those two points 
are equal, and the sum of the [two] angles at those points, chosen according to 
our [previous] definition,'”° is equal to two right angles. 

[See Fig. 2.18.] Let ABG be a segment of the meridian, with point B on it 
taken as the zenith, and point G as the pole of the equator. Draw two segments 
of the ecliptic, ADE and AZH, such that points D and Z are equidistant from 
the same solstice, and cut off, on either side of meridian ABG, equal arcs of the 
parailel circle which passes through them. Furthermore, draw through points 
D and Z the following great circle arcs: arc GD and are GZ from the pole of the 
equator G, and arc BD and arc BZ from the zenith B. 

I say that 

arc BD = arc BZ 
and Z BDE + Z BZA = 2 right angles. 
[Proof:] Since points D and Z cut off equal arcs of the parallel circle through 
them on either side of meridian ABG, 
ZBGD=7Z BGZ. 


** The angles between ecliptic and horizon are not explicitly tabulated by Ptolemy, but can be 
derived from the angles between ecliptic and altitude circle at the rising-point tabulated in Table II 
13. See HAMA 47, which also tabulates them explicitly. 

°° See HAMA 48-52, Pedersen 118-21 (with my correction, Toomer[3] 139). 

11 10 p. 105, with n.88. 
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Fig. 2.18 


Therefore, in the two spherical triangles BED, BGZ 
GD = GZ [D, Z equidistant from solstice] 
BG = BG (common) 
and Z BGD = Z BGZ, 
so they have two sides and the included angle equal. 
-. BD = BZ (bases) 
and Z BZG = Z BDG. 

But since we showed just above that the sum of the two angles formed by a 
circle through the poles of the equator at points [of the ecliptic] equidistant from 
the same solstice is equal to two right angles [10.2], 

Z GDE + Z GZA = 2 right angles. 
But we proved that Z BDG = Z BZG. 
- Z BDE + Z BZA = 2 right angles.!” 
Q.E.D. 

Next we must prove that if we take the same point of the ecliptic at two 
positions equidistant from the meridian (as measured in time-degrees) on 
opposite sides of it, the great-circle arcs from the zenith to these two positions 
are equal, and the sum of the two angles [between altitude circle and ecliptic] 
east and west [of the meridian] is equal to twice the angle formed by the same 
point [of the ecliptic] at the meridian, provided that for both positions [i-e. 
when the point is east and west of the meridian] the points [of the ecliptic] which 
are [then] culminating are either both north or both south of the zenith. 

Let us suppose, first, that both are south. [See Fig. 2.19.] Let ABGD be a 
segment of the meridian, with point G on it as the zenith, and D as the pole of 
the equator. Draw two segments of the ecliptic, AEZ and BHO, such that points 
E and H represent the same point, and cut off equal arcs of the parallel circle 
through that point on opposite sides of meridian ABGD. Again, draw through 
them [points E and H] the great-circle arcs GE and GH from G, and DE and 


101 For 7 BDE = ZGDE + Z BDG; Z BZA = Z GZA — Z BZG. So, by addition (since Z BDG = 
Z BZG), Z BDE + Z BZA = Z GDE+ Z GZA = 2 right angles. 
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Fig. 2.19 


DH from D. By the same reasoning as before, since points E and H generate the 
same parallel circle and cut off equal arcs of it on either side of the meridian, 
spherical triangle GDE= spherical triangle GDH. 
-. arc GE = arc GH. 
Then I say that 
1 GEZ4Z GHB= 2 7°WEZ— 27 Din 
[Proof:] Since Z DEZ is the same as Z DHB [E and H the same point] 
and Z GED = Z DHG [from congruent spherical triangles], 
Z GED + Z GHB[=2 DHG + Z GHE= Z DHE] =7 DES 
_ Therefore, by addition GEZ + Z GHB = 2 Z DEZ = 2 Z DHB 
OPEL): 

Next, draw the same segments of the above circles again [Fig. 2.20], except 
that points A and B should be north of point G. I say that here too the same will 
apply, namely 

ZAKEZ 4 2 LHB= 2 2 DEZ. 
[Proof:] Since Z DEZ is the same as Z DHB, 
and Z DEK = Z DHL [supplements of equal angles DEG, DHG], 
by addition [of Z DHB to Z DHL], Z LHB = Z DEZ + Z DEK. 
« £ LHB+/ KEZ=2Z DEEZ. 

Now again draw a similar figure [Fig. 2.21], except that the culminating 
point on the segment [of the ecliptic] east [of the meridian], namely A, should be 
south of the zenith G, while the culminating point on the segment west [of the 
meridian], namely B, should be north of the zenith. 
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1 say that 
2 GEZ + Z LHB = 2 Z DEZ plus 2 right angles. 


[Proof:] Since 
Z DAG = 2 DEG 
and Z DHG + Z DHL = 2 right angles, 
2 DEG +Z DHL = 2 right angles. 
But Z DEZ is the same as Z DHB. 
. £ GEZ + Z LHB[ = ¢ DEZ + /Z DEG) + (4 DHB+2Z DHL)] 
= (Z DEZ + Z DHB) + (4 DEG + Z DHL) 
= (4 DEZ + Z DHB) plus 2 right angles 
= 2Z DEZ pilus 2 right angles. 
Q.E.D. 
For the remaining case, draw a similiar figure [Fig. 2.22], in which point A, 
H166 which is culminating on the section east [of the meridian], is north of G, while B, 
which is culminating on the section west {of the meridian], is south of [the 


zenith]. 


Fig. 2.22 


I say that 
£ KEZ + 2 GHB = 2 Z DEZ minus 2 right angles. 


[Proof:] By the same reasoning as before 
£ KEZ + Z GHB = (4 DEZ + Z DHB) - (2 DEK + Z DHG) 
=22Z DEZ - (4 DEK + Z DHG). 
But 2 DEK + Z DHG = 2 right angles, since 


Z DEK + Z DEG = 2 right angles, and Z DEG = Z DHG. 
Q.E.D. 
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Of the angles and arcs formed in the way defined between the ecliptic and an 
altitude circle, those at the meridian and the horizon can be computed readily, 
as can be shown immediately in the following way. 

Draw [Fig. 2.23] the meridian circle ABGD, the semi-circle of the horizon 
BED, and the semi-circle of the ecliptic in any position, ZEH. Then if we 
imagine the altitude circle through the zenith A and the culminating point of 
the ecliptic Z, it coincides with the meridian ABGD, and Z DZE will 
immediately be given, since the point Z and the angle that [the ecliptic makes] 
with the meridian at point Z are given.’ Arc AZ will also be given, since we 
know the distance in degrees of point Z from the equator (measured along the 
meridian), and the distance of the equator from the zenith A.!™ 


ih A 


G 


Fig. 2.23 


Next, if we imagine the altitude circle AEG, drawn through the rising-point 
of the ecliptic, E, and [the zenith] A, here too it is immediately obvious that arc 
AE is always a quadrant, since point A is the pole of the horizon BED. For the 
same reason, Z AED is always right; and since the angle which the ecliptic 
makes with the horizon, namely Z DEH, is given,'* the sum, angle AEH, will 
also be given. 


Q.E.D. 

Thus it is clear that, since the above relationships hold, if we compute, for 
each latitude, just the angles and arcs before [i.e. to the east of] the meridian, 
and just for the signs from the beginning of Cancer to the beginning of 
Capricorn, we will simultaneously have found the angles and arcs for the same 


102 By 11 10 (p. 109). 
103§ and @ respectively, so arc AZ = @ - 5. 


104 By IT 11 (pp. 113-14). 
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signs [Cancer to Capricorn] after the meridian too, and also the angles and arcs 
both before and after the meridian for the remaining signs. But in order to make 
clear the procedure in this case too for any position fof the ecliptic], as an 
example we shall display the general method by means of a single solution of the 
problem. !° At the same latitude, namely where the elevation of the north pole 
from the horizon is 36°, we suppose that the beginning of Cancer 1s, e.g., one 
equinoctial hour to the east of the meridian. In this situation, at the above 
latitude, LT 16;12° is culminating, and mm 17;37° is rising. 

Then let [Fig. 2.24] ABGD be the meridian circle, BED the semi-circle of the 
horizon, and ZH@ the semi-circle of the ecliptic in such a position that point H 
is the beginning of Cancer, while Z represents I 16;12° and © mp 17;37°. Draw 
through A, the zenith, and H, the beginning of Cancer, segment AHEG of the 
[altitude] great circle. Let the first problem be to find arc AH. 


G 


Fig. 2.24 


Now it is clear that arc ZO = 91;25° [mp 17;37° - IT 16;12°] 
and areH@) = 77:37" (tpl 7.37° — <2 4)" |), 

Similarly, since TT 16;12° cut off 23;7° of the meridian to the north of the 

equator, and the equator cuts off 36° [of the meridian] from the zenith A, 
aNne AWS, = [2258 
and arc ZB = 77;7° (complement). 
When these quantities are given, from the figure 
Crd arc 2ZB:Crd arc 2BA = 
(Crd arc 2Z©:Crd arc 20H). (Crd are 2HE:Crd arc 2EA). [M.T. TJ 

But arc 2ZB = 154;14°, so Crd arc 2ZB = 116;59° 
and arc 2BA = 180°, so Crd arc 2BA = 120°. 


'°5 This example is worked through HAMA 49-50. 
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Furthermore arc 2Z© = 182;50°, so Crd arc 2Z@ = 119;58" 
and arc 20H = 155;14°, so Crd arc 20H = 117;12?. 
-. Crd arc 2EH: Crd arc 2EA = (116;59 : 120)/(119;58 : 117;12) 
= 114,16: 120. 
But Crd arc 2EA = 120° 
“. Crd arc 2EH = 114;16° 
-. arc 2EH = 144;26° 
andarc KEP = J2:13°. 
-. arc AH = 17;47° (complement). 
Q.E.D. 
Next we shall find Z AH®, as follows. 
Draw the same figure [Fig. 2.25], and with pole H and radius the side of the 
[inscribed] square draw the great circle segment KLM. 
Then, since circle AHE is drawn through the poles of EQM and KLM, both 


EM and KM are quadrants. Again, from the figure H171 


Hig 2.25 


Crd arc 2HE:Crd arc 2EK = 
(Crd arc 2HO:Crd arc 2OL). (Crd arc 2LM:Crd arc 2KM). [M.T. IT] 


But arc 2HE = 144;26° [above], so Crd arc 2HE = 114;16° 
and arc 2EK = 35;34°, so Crd arc 2EK = 36;38”. 
Furthermore arc 29H = 155;14°, so Crd arc 20H = 117;12° 

and arc 2QL = 24;46°, so Crd arc 20L = 25;44?. 

. Crd arc 2LM:Crd arc 2MK = (114516 : 36;38)/(117;12 : 25;44) 
=~ 82:11: 120. 
But Crd arc 2MK = 120° 
. Crd arc 2LM = 82;11? 
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.. are 2LUMr= 86;28° 
and are I6Mh = 45;14~. 
arc LK = Z LHK = 46;46° (complement). 
-. Z AHO = 133;14° (suppleiment). 

LO) or) BE 
H172 The same method as was used for finding the above also applies to the 
remaining [arcs and angles]. But in order to have conveniently displayed all the 
other arcs and angles which it is reasonable to suppose we may need in our 
particular investigations, we computed these too geometrically, beginning from 
the parallel through Meroe, at which the longest day is 13 equinoctial hours, 
and going up to the parallel above Pontus [the Black Sea], through the mouths 
of the Borysthenes, where the longest day is 16 equinoctial hours.'°® The 
intervals which we used were half an hour [of length of longest day] between 
parallels of latitude (as for the rising-times), one sign for the sections of the 
ecliptic, and one equinoctial hour for the position [of the altitude circles] to east 
and west of the meridian. We shall display the results in tabular form, one set of 
tables for each parallel of latitude, and one table for each sign. In the first 
column we put, first, the meridian situation, then the distance before or after 
the meridian, measured in equinoctial hours. In the second column we put the 
amount of the corresponding arc (as explained above) from the zenith to the 
beginning of the sign in question. In the third and fourth columns we put the 
H173 amount of the angles formed by the above-mentioned intersection [between 
ecliptic and altitude circle], defined in the way we explained: the angles at 
positions to the east of the meridian in the third column, and those at positions 
to the west of the meridian in the fourth column. One must bear in mind that, 
according to our original definition,'®’ we always took the angle which lies to 
the rear of the intersection of the circles and to the north of the ecliptic, and 
expressed its magnitude in the system in which one right angle is 90 [degrees]. 

The layout of the tables is as follows. 


H174—87. 13. {Layout of angles and arcs, parallel by parallel\® 
[See pp. 123-9.] 


H188 Now that the treatment of the angles [between ecliptic and principal circles] 
has been methodically discussed, the only remaining topic in the foundations 
[of the rest of the treatise] is to determine the coordinates in latitude and 
longitude of the cities in each province which deserve note, in order to calculate 


nar : : : 
The seven parallels selected here are in fact the canonical ‘7 climata’, for which see 
Introduction p. 19. 


71110 p. 105 with n.88. 

'°8 The table for Clima I (Meroe) has a peculiarity. Since, alone of the parallels tabulated, its 
latitude is less than €, it is possible for the point of the ecliptic which is culminating to fall north of 
the zenith. When this occurs at a tabulated position, the corresponding eastern or western angle is 
marked ‘N’ (for ‘north’). This is a modification of the system in the mss., where BO (for Bopetoc) is 
written above the first value in each column where the ecliptic is north of the zenith, and NO (for 
v6tio¢) above the value where it changes back to south. Since Ptolemy makes no mention of this 
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PARALLEL THROUGH SOENE 133" 23-51° 


CANCER CAPRICORNUS 
East Angle West Angle Arc East Angle West Angle 
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153 46 


168 56 
166 53 


PISCES 


East Angie West Angle 


SCORPIUS 


East Angle ¢ i ENT Last ° West Angle 
lll 0 
133 15 42 5 2) 20) 
150 18 2 : 3 6 16 


Angle : Are East Angle West Angle 


02 3 noon 3 G2 3 
121 3 30 1 151 3 56 
137 44 155 0 0 


2 
3 
4 
5 


6 


IT 13. Table of zenith distances and ecliptic angles 125 
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the [astronomical] phenomena for those cities. However, the discussion of this 
subject belongs to a separate, geographical treatise. so we shall expose it to view 
by itself [in such a treatise], in which we shall use the accounts of those who have 
elaborated this field to the extent which is possible. We shall [there] list for each 
of the cities its distance in degrees from the equator, measured along its 
meridian, and the distance in degrees of that meridian from the meridian 
through Alexandria, to the east or west, measured along the equator (for that 
[Alexandria] is the meridian for which we establish the times of the positions [of 
the heavenly bodies]).!°° 

For the time being we take the locations [of the cities] for granted, and 
[therefore] think it appropriate to add no more than the following. Whenever 
we are given the time at some standard place, and we undertake to determine 
what the corresponding time is at another place, then, if they lie on different 
meridians, we have to take the distance between the two places in degrees, 
measured along the equator, and determine which of them is to the east or west, 
and then increase or decrease the time at the standard place by the same 
number of time-degrees, to get the corresponding time at the required place. 
We increase if the required place is the further east, and decrease if the standard 
[place is the further east].1!° 


—— 


notation, it may be a later addition, but it is a useful one, since it affects the sign of the parallax (sec V 
19 p. 266). It is easy to verify that Ptolemy’s rules on pp. 115-18 hold good according as N is 
appended to the eastern angle, the western angle, or both. 

Because of the symmetries demonstrated in II 12 (see also HAMA 51) we have a means of 
checking most of the entries in these tables. The only entries which cannot be thus checked are the 
zenith distances for the signs of Cancer and Capricorn. This shows that there are very few scribal 
errors in Heiberg’s text here. However, recomputaiion of the data using modern formulas reveals 
considerable inaccuracies in Ptolemy’s values. The zenith distances are generally correct to within 
2’, although occasional errors of up to 10’ occur; but the angles regularly show errors of 10’, and 
occasionally as muchas 1° (e.g. Parallel through Middle Pontus, Gemini, | hour from noon, eastern 
angle: text 99;49°; computed 100;54°). 

Corrections to Heiberg’s text: 


Clima I, yy, 2° (H175,7) #6 vn (49;58): 6 un, with BCDL (computed: 49;49). 

Clima IV, , 2° (H181,7) p uC (100;47), X40 Aa (31:31): p pa, Aa AC with Ar. Cf. supplementary 
angles at Libra: 148;23, 79:19. Corrected by Manitius. 

Clima V, 8 , 2" (H183,17)AB (32): ABA. Cf. supplementary angle for Virgo: 167;30. This is simply a 
misprint, corrected by Manitius. 

Clima VII. m, 2” (H186,17) PAB t (132;10), 26 v (89:50): pAB tc, rO wd, as Ger. Cf. supple- 
mentary angles at Pisces: 90;16, 47:44. Manitius noticed the discrepancy, but changed the Pisces 
entries. My correction is closer to the accurately computed values (132;15°, 89;39°). Most of the 
Arabic tradition agrees with Heiberg here; L has 47;50 at Pisces, ve west angle. 

'°° This promise is fulfilled in Ptolemy's Geography. However, by the time he came to write that, he 
decided to give distances in longitude, not from the meridian through Alexandria, but from one at 
the extreme west of the known world (through the Fortunate Isles), so that all longitudes could be 
counted in the same direction. A remnant of the original plan survives in Geography VIII, which 
includes a summary of time differences from Alexandria to east or west. : 

“° Excising dvopikdtepos at H189,6. Heiberg’s text would mean ‘and decrease if the standard 
place is the further west’, which is the opposite of what is required. Manitius’ excision of 6 
broKeipevoc produces a good sense (‘if the required place is the further west’), and the same sense is 
found in part of the Arabic tradition (L, Ger, P, but not T, Q). But the word order favours my 
correction. 


Book III ’ 


{Preface}! 


In the preceding part of our treatise we have dealt with those aspects of heaven 
and earth which required, in outline, a preliminary mathematical discussion; 
also the inclination of the sun’s path through the ecliptic, and the resultant 
particular phenomena, both at sphaera recta and at sphaera obliqua for every 
inhabited region. We think that we should [now] discuss, as the subject which 
appropriately follows the above, the theory of the sun and moon, and go 
through the phenomena which are a consequence of their motions. For none of 
the phenomena associated with the [other] heavenly bodies can be completely 
investigated without the previous treatment of these [two]. Furthermore, we 
find that the subject of the sun’s motion must take first place amongst these [sun 
and moon], since without that it would, again, be impossible to give a complete 
discussion of the moon’s theory from start to finish. 


1. {On the length of the year}? 


The very first of the theorems concerning the sun is the determination of the 
length of the year. The ancients were in disagreement and confusion in their 
pronouncements on this topic, as can be seen from their treatises, especially 
those of Hipparchus, who was both industrious and a lover of truth. The main 
cause of the confusion on this topic which even he displayed 1s the fact that, when 
one examines the apparent returns [of the sun] to [the same] equinox or solstice, 
one finds that the length of the year exceeds 365 days by less than 4-day, but when 
one examines its return to [one of] the fixed stars it is greater [than 365% days]. 
Hence Hipparchus comes to the idea that the sphere of the fixed stars too has a 
very slow motion, which, just like that of the planets, is towards the rear with 
respect to the revolution producing the first [daily] motion, which 1s that of a 
[great] circle drawn through the poles of both equator and ecliptic. ° 

As for us, we shall show this is indeed the case, and how it takes place, in 
our discussion of the fixed stars* (the theory of the fixed stars, too, cannot be 


'D and part of the Arabic tradition (L, P, but not Q, T) begin chapter | at this point. On such 
variations, and the conclusion to be drawn, see Introduction p. 5. 

2See HAMA 54-5, Pedersen 128-34. 

3 This characterisation of the daily motion by means of the rotation of a great circle through the 
poles of equator and ecliptic refers back to I 8 p. 47. 

*VII 2-3. 
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thoroughly investigated without previously establishing the theory of the sun 
and moon). However, for the purposes of the present investigation, it is our 
judgment that the only reference point we must consider when examining the 
length of the solar year is the return of the sun to itself, that is [the period in 
which it traverses] the circle of the ecliptic defined by its own motion. We must 
define the length of the year as the time the sun takes to travel from some fixed 
point on this circle back again to the same point. The only points which we can 
consider proper starting-points for the sun’s revolution are those defined by the 
equinoxes and solstices on that circle. For if we consider the subject from a 
mathematical viewpoint, we will find no more appropriate way to define a 
‘revolution’ than that which returns the sun to the same relative position, both 
in place and in time, whether one relates it to the [local] horizon, to the 
meridian, or to the length of the day and night; and the only starting-points on 
the ecliptic which we can find are those which happen to be defined by the 
equinoxes and solstices. And if, instead, we consider what is appropriate froma 
physical point of view, we will not find anything which could more reasonably 
be considered a ‘revolution’ than that which returns the sun to a similar 
atmospheric condition and the same season; and the only starting-points one 
could find [for this revolution] are those which are the principal means of 
marking off the seasons from one another [i.e. solsticial and equinoctial points]. 
One might add that it seems unnatural to define the sun’s revolution by its 
return to [one of] the fixed stars, especially since the sphere of the fixed stars is 
observed to have a regular motion of its own towards the rear with respect to the 
[daily] motion of the heavens. For, this being the case, it would be equally 
appropriate to say that the length of the solar year is the time it takes the sun to 
go from one conjunction with Saturn, let us say, (or any other of the planets) to 
the next. In this way many different ‘years’ could be generated. For the above 
reasons we think it appropriate to define the solar year as the time from one 
equinox or solstice to the next of the same kind, as determined by observations 
taken at the greatest possible interval. 

Now since Hipparchus is somewhat disturbed by the suspicion, derived from 
a series of observations which he made in close succession, that this same 
revolution [of the sun] is not of constant length, we shall try to show succinctly 
that there is nothing to be disturbed about here. We became convinced that 
these intervals [from solstice to solstice etc.] do not vary, from the successive 
solstices and equinoxes which we ourselves have observed by means of our 
instruments. For we find that [the times of the observed solstices etc.] do not 
differ by a significant amount from those derivable from the (365 #-day [year]? 
(sometimes they differ by an amount roughly corresponding to the error which 
is explicable by the construction and positioning of the intruments). But we also 
guess from Hipparchus’ own calculations that his suspicion concerning the 
irregularity [in the length of the tropical year] is an error due mainly to the 
observations he used. 

For, in his treatise ‘On the displacement of the solsticial and equinoctial 
points’, he first sets out those summer and winter solstices which he considers to 


> Literally ‘from the surplus due to the 4-day’. 
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have been observed accurately, in succession, and himself admits that these do 
not display enough discrepancies to allow one to use them to assert the existence 
of any irregularity® in the length of the year. He comments on them as follows: 
‘Now from the above observations it is clear that the differences in the year- 
length are very small indeed. However, in the case of the solstices, I have to 
admit that both I and Archimedes may have committed errors of up to a 
quarter of a day in our observations and calculations [of the time]. But the 
irregularity in the length of the year can be accurately perceived from the 
[equinoxes] observed on the bronze ring situated in the place at Alexandria 
called the “Square Stoa’’. This is supposed to indicate the equinox on the day 
when the direction from which its concave surface is illuminated changes from 
one side to the other’.’ 

Then he sets out, first, the times of autumnal equinoxes which he considers to 
have been very accurately observed: 


[1] In the seventeenth year of the Third Kallippic Cycle, Mesore 30[-161 Sept. 
27], about sunset. 

[2] 3 years later, in the twentieth year, on the first epagomenal day [-158 Sept. 
27], at dawn. This should have been at noon, so there is a 4-day discrepancy. 

[3] 1 year later, in the twenty-first year, [on the first epagomenal day, -157 
Sept. 27], at the sixth hour. This was in agreement with the preceding 
observation. ® 

[4] 11 years later, in the thirty-second year, at the midnight between the third 
and fourth epagomenal days [-146 Sept. 26/27]. This should have been at 
dawn, so again there is a 4-day discrepancy. 

[5] 1 year later, in the thirty-third year, on the fourth epagomenal day [-145 
Sept. 27], at dawn. This was in agreement with the previous observation. 

[6] 3 years later, in the thirty-sixth year, on the fourth epagomenal day [-142 
Sept. 26], in the evening. This should have been at midnight, so again there is 
only a 4-day discrepancy. 


Next he sets out the spring equinoxes which have been observed with a 
similar accuracy: 


6 Manitius claims that the reading dvio6tynt4 tiva for dvicdtnta at H194,21 is ‘absolutely 
necessary’. It is Halma’s text, adopted from the editio princeps. However, it is not found in any of the 
principal mss., and Heiberg’s text as it stands can mean the same thing. 

’For a diagram of this ‘equatorial armillary’ see Price, ‘Precision Instruments’ Fig. 343C on p. 
589. It is simply a ring permanently fixed in the plane of the equator. From Ptolemy (p. 134) we 
learn that there were two such rings at Alexandria in his time, in the Palaestra. Whether either was 
identical with the one mentioned by Hipparchus cannot be discussed here. For what little ts known 
about the ‘Square Stoa’ and the Palaestra (presumably in the great gymnasium mentioned in Strabo 
17.1.10) see Fraser[{1] II 98 n.222 and 223, I 28-9, and Fraser[2] 144-5. 

8While there is general agreement that all the other equinox observations reported from 
Hipparchus were made by him in person, there is considerable dispute whether these three were 
observed by him or merely used by him. They are separated by an interval of 11 years from the next 
attested observation, which also falls into the period for which other types of observation by 
Hipparchus are recorded (the lunar eclipse of - 145 Apr. 21, p. 135). My own view is that this group 
of three early observations was not made by Hipparchus himself, but was simply adduced by him 
for comparison. 
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[1] In the thirty-second year of the Third Kallippic Cycle, Mechir 27 [-145 
Mar. 24], at dawn. Furthermore, he says, the ring at Alexandria was 
illuminated equally from both sides at about the fifth hour.’ Thus we can 
already see two different observations of the same equinox with a discrepancy 
of approximately 5 hours. 

[2 to 6] He says that the subsequent observations up to the thirty-seventh year 
{-144 to-140] were all in agreement with the times derivable from the (365 }- 
day [year]. 

(7] 11 years later [than 1], in the forty-third year, he says, the spring 
equinox occurred after midnight Mechir 29/30 [- 134 Mar. 23/24]. This was 
in agreement!® with the observation [1] in the thirty-second year, and, he 
says, again agrees with the observations [8 to 13, -133 to -128] in the 
subsequent years up to the fiftieth year [14]. This took place on Phamenoth 
1 [-127 Mar. 23], about sunset. This is approximately 1; days later [in the 
Egyptian year] than the [equinox] in the forty-third year. This also fits the 
7-year interval. 


Thus in these observations too there is no discrepancy worth noticing, even 

though it is possible for an error of up to a quarter of a day to occur not only in 
observations of solstices, but even in equinox observations. For suppose that the 
instrument, due to its positioning or graduation, is out of true by as little as 
sooth of the circle through the poles of the equator: then, to correct an error of 
that size in declination, the sun, [when it is] near the intersection [of the ecliptic] 
with the equator, has to move 4° in longitude on the ecliptic. Thus the 
discrepancy comes to about § of a day.'! The error could be even greater in the 
case of an instrument which, instead of being set up for the specific occasion and 
positioned accurately at the time of the actual observation, has been fixed once 
for all on a base intended to preserve it in the same position for a long period: 
[the error occurs when] the instrument is affected by a [gradual] displacement 
which is unnoticed because of the length of time over which it takes place. One 
can see this in the case of the bronze rings in our Palaestra, which are supposed 
to be fixed in the plane of the equator. When we observe with them, the 
distortion in their positioning is apparent, especially that of the larger and older 
of the two, to such an extent that sometimes the direction of illumination of the 
concave surface in them shifts from one side to the other twice on the same 
equinoctial day.’ 


° This statement has occasionally been used (most recently by Fraser{1] I 423) as evidence that 
Hipparchus observed in Alexandria. On the contrary, Ptolemy’s expression makes it clear that this 
Alexandrian observation was different (and discrepant) from Hipparchus’ own. Whenever the 
place of an observation by Hipparchus is known, it is Rhodes (except for his weather prognostica- 
tions reported in Ptolemy’s Phasets, for which the place was Bithynia, presumably Hipparchus’ 
native Nicaea). 

Reading &xdAov8ov at H196,15 for the misprint aKdAoveBov. 

"’ Ptolemy says that an observational error of 6’ in declination corresponds, near equinox, to an 
ecliptic motion of 2° or (since the sun moves about 1° per day in the ecliptic) to an error of day in the 
time of observation. This is easily verified by linear interpolation in the declination table I 15, where 
the declination for 1° is 0;24,16°. 

"? For the ring see p. 133 n.7. If the instrument was correctly set up, at the moment of equinox the 
direction of illumination would shift from below the shadowing part to above it in spring (and vice 
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However, Hipparchus himself does not think that there is anything in the 
above observations which provides convincing support for his suspicion that 
there is an irregularity in the length of the year. Instead he makes computations 
on the basis of certain lunar eclipses, and declares that he finds that the 
variation in the length of the year, with respect to the mean value, is no more 
than 4 of a day. This would be sufficiently great to take some account of, if it 
were indeed so; but it can be seen to be false from the very considerations which 
he adduces [to support it}. For he uses certain lunar eclipses which were 
observed to take place near [specific] fixed stars to compare the distance of the 
star called Spica in advance of the autumnal equinox at each [eclipse]. By this 
means he thinks he finds, on one occasion, a distance of 63°, the maximum in his 
time, and on another a distance of 54°, the minimum [in his time}. Thence he 
concludes that, since it is impossible for Spica [itself } to move so much in sucha 
short time, it is plausible to suppose that the sun, which Hipparchus uses to 
determine the positions of the fixed stars, does not have a constant period of 
revolution. But this kind of computation cannot be made without using the 
sun’s position at the eclipse as a basis. Thus, though he does not realise it, at each 
eclipse he is applying for this purpose [determination of the sun’s position] the 
accurate observations of solstices and equinoxes which he himself has made’? in 
these same years. By the very act of doing this he shows that, when one compares 
the length of those years, there is no discrepancy from the [365}-day interval. 

To take a single example: from the eclipse observation in the thirty-second 
year of the Third Kallippic Cycle which he adduces, he claims to find that Spica 
is 62° in advance of the autumnal equinox, whereas from the eclipse observation 
in the forty-third year of that cycle he claims to find that it is 54° in advance." 
Likewise,'° in order to carry out the computations for the above, he adduces the 
spring equinoxes which he had accurately observed in those years. This was in 
order that from the latter he could find the position of the sun at the middle of 
each eclipse, from these the positions of the moon, and from the positions of the 
moon those of the stars. He says that the spring equinox in the thirty-second year 
took place on Mechir 27 [- 145 March 24] at dawn, and the one in the forty-third 
year on [Mechir] 29/30 [-134 March 23/24] after midnight, later [in the 
Egyptian year] than that in the thirty-second by approximately 24 days, which 
is the same amount as is produced by the addition of precisely 4-day in each of 


versa in autumn). Manitius (I 427 n.21) explains the phenomenon reported here by Ptolemy as due 
to the effect of refraction on a correctly placed ring. His argument is dismissed by Rome[5] 1 230-5 
and [1] II p. 818 n., on the grounds that the true one of the two ‘equinoxes’ could easily be 
determined by the direction of shift. This does not of course invalidate Manitius’ explanation. The 
only good detailed discussion is Britton{]] 29-42, correcting both Manitius and Rome, and 
concluding (p. 34) that multiple “equinoxes” on a well-aligned ring would be normal. nant 

'3 Reading be’ Eavtod (with D, Ar) at H198,24 for ég’ Eavtod (‘which were made in his time’). 

4 The eclipses in question are those of - 145 Apr. 21 and - 134 Mar. 21 (misprinted March 31 in 
Pedersen Appendix A, 414). We have no further data on Hipparchus’ observations of these eciipses. 
For a detailed discussion of the procedures involved see Rome(5] II. From VII 2 (p. 327) it seems 
that Hipparchus eventually settled on a compromise figure of 6° from the autumnal! equinox in his 
own time. Be et ane 

15 Meaning ‘as in the other similar calculations’. D’s reading is Sumc, ‘however’, which makes 
good sense, but is not supported by the Arabic tradition. 
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136 III 1. Baselessness of Hipparchus’ suspicion 


the intervening 11 years. Since, then, the sun has been shown to complete its 
revolution (as measured with respect to those equinoxes) in a time neither greater 
nor less than the [365}-day interval, and since it is impossible for Spica to move 
14° in such a small number of years, surely it is perverse to use calculations based 
on the above foundations to impugn the very foundations on which they were 
based. It is perverse to ascribe the reason for such an impossibly large motion of 
Spica solely to the equinoxes on which the calculations are based (which entails 
the simultaneous assumptions, both that they are accurately observed, and that 
they have been inaccurately observed), when there are several possible causes 
for so great an error. It is more plausible to suppose, either that the distances of 
the moon from the nearest stars at the eclipses have been too crudely estimated, 
or that there has been an error or inaccuracy in the determinations of the 
moon’s parallax with respect to its apparent position, or of the motion of the sun 
from the equinox to the time of mid-eclipse. 

However, it is my opinion that Hipparchus himself realised that this kind of 
argumentation provides no persuasive evidence for the attribution of a second 
anomaly to the sun, but his love of truth led him not to suppress anything 
which might in any way lead some people to suspect [such an anomaly]. At any 
rate, he himself, in his theories of the sun and moon, assumes that the sun has a 
single and invariable anomaly, the period of which is the length of the year as 
defined by [return to] solstices and equinoxes. Furthermore, when we assume 
that the period of these revolutions of the sun is constant, we see that there is 
never any significant difference between the phenomena observed at eclipses 
and those calculated on the above assumption. Yet there would be a very 
perceptible difference if there were some correction due to a variation in the 
length of the year which we failed to take into account, even if that correction 
were as little as a single degree, which corresponds to approximately two 
equinoctial hours.'® 

From all the above considerations, and from our own determination of the 
period of the [solar] revolution, by means of a series of observations of the sun’s 
position, we conclude that the length of the year is constant, provided that it is 
always defined with respect to the same criterion, and not with respect to the 
solsticial and equinoctial points at one time and to the fixed stars at another. We 
also conclude that the most natural definition of the revolution is that in which 
the sun, starting from one solstice or equinox or any point on the ecliptic, 
returns to the same point again. And in general, we consider it a good principle 
to explain the phenomena by the simplest hypotheses possible, in so far as there 
is nothing in the observations to provide a significant objection to such a 
procedure." 

Now it was already clear to us from Hipparchus’ demonstrations that the 
length of the year, defined with respect to the solstices and equinoxes, is less than 
4-day in excess of 365 days. The amount by which it falls short [of 4-day} cannot 


'6 The time of an eclipse depends on the speeds ofsun and moon. Assuming, with Ptolemy, round 
figures of 1° for the sun’s motion and 13°" for the moon’s, we get a relative motion of 12”, or 4° 
per hour. Thus a shift of 1° in the position of the sun at an eclipse leads to a shift of 2 hours in the time. 

‘’This general principle of the desirability of simplicity in the hypotheses is repeated, but 
modified, at XIII 2 p. 600. Cf. also III 4 p. 153. 
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be determined with absolute certainty, since the difference is so small that for 
many years in succession the increment [over 365 days] remains sensibly the 
same as a constant i-day increment. Hence it is possible, when comparing 
observations taken over quite a long period, that the surplus days [over 365], 
which have to be obtained by distributing [the total surplus] over the years of 
the interval [ between the observations], may appear to be the same whether one 
takes [observations over] a greater or lesser number of years. However, the 
longer the time between the observations compared, the greater the accuracy of 
the determination of the period of revolution. This rule holds good not only in 
this case, but for all periodic revolutions. For the error due to the inaccuracy 
inherent in even carefully performed observations is, to the senses of the 
observer, small and approximately the same at any [two] observations, whether 
these are taken at a large or a small interval. However, this same error, when 
distributed over a smaller number of years, makes the inaccuracy in the yearly 
motion [comparatively] greater (and [hence increases] the error accumulated 
over a longer period of time), but when distributed over a larger number of 
years makes the inaccuracy [comparatively] less. Hence we must consider it 
sufficient if we endeavour to take into account only that increase in the accuracy 
of our hypotheses concerning periodic motions which can be derived from the 
length of time between us and those observations we have which are both 
ancient and accurate. We must not, if we can avoid it, neglect the proper 
examination [of such records]; but as for assertions of validity ‘for eternity’, or 
even for a length of time which is many times that over which the observations 
have been taken, we must consider such as alien to a love of science and truth. '8 
Now, as far as concerns antiquity [of the observations], the summer solstices 
observed by the school of Meton and Euktemon, and, later, the school of 
Aristarchus, deserve to be compared with those of our own time.'? However, 
since observations of solstices are, in general, hard to determine accurately, and 
since, furthermore, the observations handed down by the above-mentioned 
people were conducted rather crudely (as Hipparchus too seems to think), we 
abandoned those, and have used instead, for the comparison we propose, 
equinox observations, choosing amongst them, for the sake of accuracy, those 
which Hipparchus especially noted as very securely determined by him, and 
those which we ourselves have made with the greatest accuracy using the 
instruments for such purposes described at the beginning of our treatise [I 12]. 
For these we find that the solstices and equinoxes occur earlier than [one would 
expect from a year of 365]4 days by one day in approximately 300 years. 
For Hipparchus noted that in the thirty-second year of the Third Kallippic 


18This remarkably sensible attitude towards the validity of mean motions derived from 
observations was not imitated by most of Ptolemy’s successors throughout antiquity and the middle 
ages. The contemptuous remark about ‘eternity’ may be a glance at the atavior KOVOVEG 
mentioned at IX 2 p. 422 (see n.12 there). 

!9 The only solstices known to have been observed by these men are that of -431 June 27, ascribed 
below (p. 138) to ‘the school of Meton and Euktemon’, and that of -279 (no further details known) 
ascribed below (p. 138) to ‘the school of Aristarchus’. The latter is Aristarchus of Samos. now 
famous mainly for his ‘heliocentric hypothesis’. See Heath, Aristarchus. On Meton see Toomer{7]. 
By ‘the school of . . .’ I translate oi nepi . . . The precise way to interpret the phrase here and 
elsewhere in the Almagest remains obscure. 
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Cycle he had made a very accurate observation of the autumnal equinox, and 
says that he calculated that it occurred at midnight, third-fourth epagomenal 
day [-146 Sept. 26/27]. The year is the 178th from the death of Alexander.”° 
285 years later, in the third year of Antoninus, which is the 463rd from the death 
of Alexander, we observed, again very securely, that the autumnal equinox 
occurred on Athyr 9 [139 Sept. 26], approximately one hour after sunrise.” 
Therefore the period of return comprised, over 285 complete Egyptian years 
(that is years of 365 days), 704 days plus approximately 36th of a day, instead of 
the 714 days corresponding to the 4-day surplus for the above [285] years. Thus 
the return took place earlier than it would have with the [365]4-day year by one 
day less about zoth day. 

Similarly, Hipparchus says that the spring equinox in the same thirty-second 
year of the Third Kallippic Cycle, which he observed most accurately, took 
place on Mechir 27 [-145 Mar. 24] at dawn. The year is the 178th from the 
death of Alexander. We find that the corresponding spring equinox 285 years 
later, in the 463rd year from the death of Alexander, took place on Pachon 7 
[140 Mar. 22], approximately 1 hour after noon. Thus this period too 
comprised an increment [over 285 Egyptian years] of the same amount, 703 + 
about 36 days, instead of the 714 days corresponding to the 4-day surplus for the 
285 years. Here too, then, the return of the spring equinox took place earlier 
than it would have with the [365]4-day year by 33ths of a day. Hence, since 

1 day : 36 day = 300 : 285, 
we conclude that the return of the sun to the equinoctial points takes place 
earlier than it would for a [365}-day year by approximately one day in 300 
years. 

Furthermore if, because of its antiquity, we compare the summer solstice 
observed by the school of Meton and Euktemon (though somewhat crudely 
recorded) with the solstice which we determined as accurately as possible, we 
will get the same result. For that [solstice] is recorded as occurring in the year 
when Apseudes was archon at Athens, on Phamenoth 2] in the Egyptian 
calendar [-431 June 27], at dawn.”* We determined securely that the [summer 
solstice] in the above-mentioned 463rd year from the death of Alexander 
occurred on Mesore 11/12 [140 June 24/25] about 2 hours after midnight. Now 
there are 152 years (as Hipparchus too reckons) from the summer solstice 
recorded in the archonship of Apseudes to the solstice observed by the school of 
Aristarchus in the fiftieth year of the First Kallippic Cycle [-279], and from that 
fiftieth year, which corresponds to the 44th year from the death of Alexander, to 
the 463rd year, in which our observation was made, is 419 years. Therefore in 


°On this (—323, not —322, the actual year of Alexander’s death) see Introduction p. 10 n.16. 
178th’ is inclusive reckoning. 

*' Notoriously, like Ptolemy’s spring equinox and summer solstice observations below, this is 
about | day later than the actual event. This is the strongest argument of those modern critics who 
have maintained that Ptolemy ‘faked’ observations. See Toomer{5] 189. The best discussion of this 
difficult problem is Britton{1} Chapter II. 

*? The Egyptian date of this observation was not given by Meton himself, who dated it to 
Skirophorion 13 in his calendar, but is a later conversion (found in the Milesian parapegma of the 
late second century B.C., see Samuel, Greek and Roman Chronology 44 or Toomer{7] 338, but no doubt 
already made by Hipparchus). 
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the whole interval of 571 years, if the summer solstice observed by the school of 
Euktemon took place around the dawning of Phamenoth 21, there is an 
increment of approximately 1403 days ss complete Egyptian years,”’ instead 
of the 1427 days corresponding to the 4-day surplus for 571 years. Thus the 
return in eeeon took place earlier than it would have with the {365]j-day 
year by 112 days. Here too, then, it is clear that in a round 600 years the [true] 
year-length accumulates a decrement of approximately 2 complete days 
against the [365]4-day year. 

We find the same result from a number of other observations of our own, and 
we see that Hipparchus agrees with it on more than one occasion. For in his 
work ‘On the length of the year’ he compares the summer solstice observed by 
Aristarchus at the end of the fiftieth year of the First Kallippic Cycle [-279] with 
the one which he himself had determined, again with accuracy, at the end of the 
forty-third year of the Third Kallippic Cycle [-134], and then says: ‘It is clear, 
then, that over 145 years the solstice occurs sooner than it would have with a 
[365 h-day year by half the sum of the length of day and night’. Again, in ‘On 
intercalary months and days’ also, after remarking that according to the 
school of Meton and Euktemon the length of the year comprises 3654 +76 days, 
but according to Kallippos only 3654 days,?* he comments, in his own words, as 
follows: ‘As for us, we find the number of whole months comprised in 19 years to 
be the same as they found, but we find the year to be even less than 4-[day 
beyond 365], by approximately sith of a day. Thus in 300 years its 
{accumulated] deficit is 5 days compared with Meton{’s figure], and | day 
compared with Kallippos’.’ And when he more or less sums up his opinions in 
his list of his own writings,”’ he says: ‘I have also composed a work on the length 
of the year in one book, in which I show that the solar year (by which I mean the 
time in which the sun goes from a solstice back to the same solstice, or from an 
equinox = k to the same equinox) contains 365 days, plus a fraction which 1s 
less than 4 by about 35th of the sum of one day and night, and not, as the 
mathematicians*° suppose, exactly 4-day beyond the above-mentioned number 
[365] of days.’ 

Thus I think it appears plainly from the agreement of present-day 
[observations] with earlier ones, that all phenomena observed up to the present 


23 Ptolemy apparently reckons ‘dawn’ (1mpwiac) in the earlier observation as 6 a.m. in equinoctial 
hours (despite the fact that at Athens sunrise at summer solstice occurs at about 4;45 a.m.), and 
means ‘2 hours after midnight’ in his own observation to be 2 a.m., 1... equinoctial hours. Then the 
increment over whole days between the observations is 20 equinoctial hours =§ day. If we were to 
take the times as ‘precisely sunrise’ and ‘2 seasonal hours’, the interval would be closer to 21 hours, 
or @ day. 

24 These accord with the Metonic and Kallippic cycles respectively. See Introduction pp. 12-13. 

*5This phrase, which appears to have been misunderstood by all earlier translators, but is 
correctly interpreted by Rehm, ‘Hipparchos’ col. 1666, shows that Hipparchus published a 
catalogue of his own works with a summary of the contents of each. An example of this kind of 
publication which has come down to us is Galen’s ‘On his own Books’ (nEpt TOV tditwv BiBAtwv), 
Scripta Minora W191 tf. From Galen’s work it is apparent that fora prolific wr iter of monographs, like 
Hipparchus, such a catalogue was necessary as a check on the ascription of his works (perhaps 
circulating in unauthorised versions) to others. 

2691 paOnpatiKkot, which includes astronomers. One might almost think from Hipparchus’ tone 
that he means ‘astrologers’ (this is a standard meaning im later Greek). Ptolemy, however, does not 
use the word in this sense (cf. pp. 175 and 421, where I have translated it ‘astronomers’). 
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time having to do with the length of the solar year accord with the above- 
mentioned figure for the return to solstices or equinoxes. This being so, if we 
distribute the one day over the 300 years, every year gets 12 seconds ofa day. 
Subtracting these from the 365, 15" of the 4-day increment, we get the required 
length of the year as 365;14,48". Such, then, is the closest possible approxima- 
tion which we can derive from the available data. 

Now, with regard to the determination of the positions of the sun and the 
other [heavenly bodies] for any given time, which the construction of individual 
tables is designed to provide in a handy and as it were readymade form: we 
think that the mathematician’s task and goal ought to be to show all the 
heavenly phenomena being reproduced by uniform circular motions, and that 
the tabular form most appropriate and suited to this task is one which separates 
the individual uniform motions from the non-uniform [anomalistic] motion 
which [only] seems to take place, and ts {in fact] due to the circular models: the 
apparent places of the bodies are then displayed by the combination of these 
two motions into one.’ In order to have this type of table in a form which shall 
be usable and ready to hand for the actual proofs [which are to come]. we shall 
now set out the individual uniform motions of the sun in the following manner. 

Since we have shown that one revolution contains 365;14,48", dividing the 
latter into the 360° of the circle, we find the mean daily motion of the sun as 
approximately 0:59,8,17,13,12,31° (it will be suflicient to carry out divisions to 
this number [i.e. 6] of sexagesimal places). 

Next, taking sth of the daily motion, we find the hourly motion as 
approximately 0;2,27,50,43,3,1°. 

Similarly, we multiply the daily motion by 30, the number of days in one 
month, and get as the mean monthly motion 29;34,8,36,36,15,30°: 

and, multiplying it by 365, the number of days in one Egyptian year, we get 
the mean annual motion as 359;45,24,45,21,8,35°. 

Then we multiply the yearly motion by 18 years, since this number will 
produce symmetry in the layout of the tables,“ and, after reduction of complete 
circles, we find the increment over 18 years to be 355;37,25,36,20,34,30°. 

So we have set out three tables for the uniform motion of the sun, each again 
containing 45 lines, and each having two [vertical] sections. The first table will 
contain the mean motions of the 18-year periods, the second will contain the 


*? This is an implicit polemic against the ephemeris kind of astronomical table which gives the 
true positions of the planets (their ‘apparent places’). To judge from the surviving papyri, the most 
common kind of planetary table was that giving the entries of the heavenly bodies into the zodiacal 
signs for a period of years (see HAMA II 785 ff). Ptolemy was perhaps thinking of a kind of 
‘perpetual almanac’ which gives the true positions of the planets at regular intervals over a whole 
planetary period. His argument is that his approach (mean motion tables modified by equation 
tables) gives a truer picture of the actual motions, which are uniform and circular. _ 

“8 Despite Ptolemy’s clear statement here of his motivation for choosing the 18-year period, it has 
been the subject of much fruitless debate. Starting from a standard height of 45 lines (see 110 p. 56 
n.67), and allowing some space for headings, he is led by the combination of single years on the same 
sheet with hours to 18 lines for that table (18 + 24 = 42 = 12 + 30 [months and days]). That is also 
the reason why the table tor 18-vear periods goes up to only 810 years 45 x 18), even though this 
does not reach Ptolemy's own time from his epoch. By the time he came to compose the Handy 
Tables, he had realised the inconvenience of this arrangement, and switched to 25-year periods and 
an epoch closer to his own time (Era Philip, -323 Nov. 12). 
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yearly motions above and the hourly motions below, and the third will contain 
the monthly motions above and the daily motions below. The numbers 
representing time will be in the first [i.e. left-hand] section, and the 
corresponding degrees, obtained by successive addition of the appropriate 
amount for each [time-unit], in the second [1.e. right-hand] section. The tables 
are as follows. 


2. {Table of the mean motion of the sun\*9 H210—15 
[See pp. 142-3.] 
3. {On the hypotheses for uniform circular motion}*° H216 


Our next task is to demonstrate the apparent anomaly of the sun. But first we 
must make the general point that the rearward displacements of the planets 
with respect to the heavens are, in every case, just like the motion of the universe 
in advance, by nature uniform and circular. That is to say, if we imagine the 
bodies or their circles being carried around by straight lines, in absolutely every 
case the straight line in question describes equal angles at the centre of its 
revolution in equal times. The apparent irregularity [anomaly] in their motions 
is the result of the position and order of those circles in the sphere of each by 
means of which they carry out their movements, and in reality there is in essence 
nothing alien to their eternal nature in the ‘disorder’ which the phenomena are 
supposed to exhibit. The reason for the appearance of irregularity can be 
explained by two hypotheses, which are the most basic and simple. When their 
motion is viewed with respect to a circle imagined to be in the plane of the 
ecliptic, the centre of which coincides with the centre of the universe (thus its 
centre can be considered to coincide with our point of view), then we can 
suppose, either that the uniform motion of each [body] takes place on a circle 
which is not concentric with the universe, or that they have such a concentric 
circle, but their uniform motion takes place, not actually on that circle, but on 
another circle, which is carried by the first circle, and [hence] 1s known as the 
‘epicycle’. It will be shown that either of these hypotheses will enable [the 
planets] to appear, to our eyes, to traverse unequal arcs of the ecliptic (which is 
concentric to the universe) in equal times. 

In the eccentric hypothesis: [see Fig. 3.1] we imagine the eccentric circle, on 
which the body travels with uniform motion, to be ABGD on centre E, with 
diameter AED, on which point Z represents the observer.’! Thus A is the 
apogee. and D the perigee. We cut off equal arcs AB and DG, and join BE, BZ, 
GE and GZ. Then it is immediately obvious that the body will traverse the arcs 


29 Corrections to Heiberg’s text: H210, 23-5, column of fourths (for arguments 342, 360 and 378). 
A misprint has disrupted the order, which should be A, va, iB, but has become va, iB, A (51, 12, 30). 
H215,38, thirds : Ae (35): Ac, as Is. 

30See HAMA 55-7, Pedersen 134-44. 

31 ‘the observer’; literally ‘our point of view’. 
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TABLE OF THE SUN’S MEAN MOTION 


Distance [in Anomaly] from the Sun’s Apogee in LI 5;30° to its Mean 
Longitude in the Ist Year of Nabonassar, 3€ 0;45° : 265;15° 


18-Year 
Periods 
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Single 
Years ° , a we weet PPUTE bbe Months Pe 
1 8 | 35 30 
2 17 | 10 60 
3 25 | 45 90 
4 34 | 20 
5 42 | 55 
6 51 | 30 
7 0| 5 
8 8 | 40 
9 17 | 15 
10 25 | 50 
Ls 34 | 25 
2 43 | 0 
13 $10) 35. 
14 0 | 10 
15 8 | 45 
16 iva a 
17 25 | 55 
18 34 | 30 
Hours Freee Ferree 
l a) 1 
2 6| 2 
3 9} 3 
. ie | 5 
5 is | 6 
6 a 7 
7 21 
8 24 
9 27 
10 a0) 12 
il 33 | 14 
12 36 | 15 
13 39 | 16 
14 42 | 18 
15 45 | 19 
16 48 | 20 
17 510 71 
18 54 | 23 
19 57 | 24 
20 0 | 25 
21 3] 27 
22 6 | 28 
23 9 | 29 
24 2 {| sil 
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1a III 3. The eccentric hypothesis 
A 


D 


Fig. 3.1 


AB and GD in equal times, but will {in so doing] appear to have traversed 
unequal arcs of a circle drawn on centre Z. For 
ZL BEA =/2 GED. 
But Z BZA<Z BEA (or Z GED), 
and Z GZD >Z GED (or Z BEA). 

In the epicyclic hypothesis: we imagine [see Fig. 3.2] the circle concentric 
with the ecliptic as ABGD on centre E, with diameter AEG, and the epicycle 
carried by it, on which the body moves, as ZHOK on centre A. 

Then here too it is immediately obvious that, as the epicycle traverses circle 
ABGD with uniform motion, say fromm A towards B, and as the body traverses 
the epicycle with uniform motion, then when the body is at points Z and @, it 
will appear to coincide with A, the centre of the epicycle, but when it is at other 
points it will not. Thus when it is, e.g., at H, its motion will appear greater than 
the uniform motion [of the epicycle] by arc AH, and similarly when it is at K its 
motion will appear less than the uniform'by arc AK. 

Now in this kind of eccentric hypothesis*® the least speed always occurs at the 
apogee and the greatest at the perigee, since Z AZB [in Fig. 3.1] is always less 
than Z DZG. But-in the epicyclic hypothesis both this and the reverse are 
possible. For the motion of the epicycle is towards the rear with respect to the 
heavens, say from A towards B [in Fig. 3.2]. Now if the motion of the body on 
the epicycle is such that it too moves rearwards from the apogee, that is from Z 
towards H, the greatest speed will occur at the apogee, since at that point both 


22 Ptolemy is hinting at the existence of another kind of eccentric hypothesis, one which is 
geometrically equivalent to that epicyclic hypothesis in which the sense of rotation is the same for 
both planet and epicycle. But he does not discuss this until XII 1 (p. 555), where we learn that the 
equivalence was already known to Apollonius of Perge (c. 200 B.C.). See HAMA 149- 
50. 
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G 


Fig. 9.2 


epicycle and body are moving in the same direction. But if the motion of the 
body from the apogee is in advance on the epicycle, that is from Z towards K, 
then the reverse will occur: the least speed will occur at the apogee, since at that 
point the body is moving in the opposite direction to the epicycle. 

Having established that, we must next make the additional preliminary 
point that for bodies which exhibit _a double anomaly both the above 
hypotheses may be combined, as we shall prove in our discussions of such 
bodies, but for a body which displays a single invariant anomaly, a single one of 


the above hypotheses will suffice; and [in this case] all the phenomena will be ' 


represented, with no difference, by either hypothesis, provided that the same 
ratios are preserved in both. By this I mean that the ratio, in the eccentric 
hypothesis, of the distance between the centre of vision and the centre of the 
eccentre to the radius of the eccentre, must be the same as the ratio, in the 
epicyclic hypothesis, of the radius of the epicycle to the radius of the deferent;** 
and furthermore that the time taken by the body, travelling towards the rear, to 
traverse the immovable eccentre, must be the same as the time taken by the 
epicycle, also travelling towards the rear, to traverse the circle with the observer 
as centre [the deferent], while the body moves with equal [angular] speed about 
the epicycle, but so that its motion at the apogee [of the epicycle] is in advance. 

If these conditions are fulfilled, the identical phenomena will result from 
either hypothesis. We shall briefly show this [pow] by comparing the ratios in 
abstract, and later by means of the actual numbers we shall assign to them for 


33 <deferent’: see Introduction p. 21. 
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the sun’s anomaly.** I say then, first, that in both hypotheses, the greatest 
difference between the uniform motion and the apparent, non-uniform motion 
(which is also the notional position of the mean speed for the bodies)** occurs 
when the apparent distance from the apogee comprises a quadrant, and that 
the time between apogee [position] and the above-mentioned mean speed 
[position] is greater than the time between mean speed and perigee. Hence, for | 
the eccentric hypothesis always, and for the epicyclic hypothesis when the | 
motion at apogee is in advance, the time from least speed to mean is greater 
H221 than the time from mean speed to greatest; for in both hypotheses the slowest 

motion takes place at the apogee. But [for the epicyclic hypothesis] when the 
sense of revolution of the body is rearwards from the apogee on the epicycle, the 
reverse is true: the time from greatest speed to mean is greater than the time | 
from mean to least, since in this case the greatest speed occurs at the apogee. ' 

First, then, [see Fig. 3.3] let the body’s eccenter be ABGD on centre E, with 
diameter AEG. On this diameter take the centre of the ecliptic, that is, the 
position of the observer, at Z, and draw BZD through Z at right angles to AEG. 
Let the positions of the body be B and D, so that, obviously, its apparent 
distance from apogee A is a quadrant on either side. We have to prove that the 
greatest difference between mean and anomalistic motion takes place at points 
B and D. 

Join EB and ED. 

It is immediately obvious that the ratio of Z EBZ to 4 right angles equals the 


A 


34 Reference to III 4 p. 157. 
* Ptolemy never attempts to prove this statement about the position where the apparent motion 


equals the mean motion, but it is intuitively seen to be true from the epicyclic model. See HAMA 57, 
Pedersen 143. 
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ratio of the arc of the difference due to the anomaly” to the whole circle; for 
Z AEB subtends the arc of the uniform motion, and Z AZBsubtends the arc of the 
apparent, non-uniform motion, and the difference between them is Z EBZ. 


I say, then, that no angle greater than these two[Z EBZ and Z EDZ] can be | 


constructed on line EZ at the circumference of circle ABGD. 
[Proof:] Construct at points © and K angles EOZ and EKZ, and join OD, KD. 
Then since, in any triangle, the greater side subtends the greater angle,” 
and OZ >ZD, 
-- LODZ > Z DOZ. 
But Z ED© = Z EOD, since EO = ED [radii]. 
Therefore, by addition, Z EDZ (=Z EBD) > Z EQZ. 
Again, since DZ >KZ, 
ZZKD >Z ZDK. 
But Z EKD = Z EDK, since EK = ED. 
Therefore, by subtraction, Z EDZ (= Z EBZ) >Z EKZ. 
Therefore it is impossible for any other angle to be constructed in the way 
defined greater than those at points B and D. 

Simultaneously it is proven that arc AB, which represents the time from least 
speed to mean, exceeds BG, which represents the time from mean speed to 
greatest, by twice the arc comprising the equation of anomaly. For Z AEB 
exceeds a right angle (4 EZB) by Z EBZ, and Z BEG falls short of a right angle 
by the same amount. 

To prove the same theorem again for the other hypothesis, let [Fig. 3.4] the 
circle concentric with the universe be ABG on centre D and diameter ADB, and 
let the epicycle which is carried around it in the same plane be EZH on centre 
A. Let us suppose the body to be at H when its apparent distance from the 
apogee is a quadrant. Join AH and DHG. 

I say that DHG is tangent to the epicycle; for that is the position in which the 

difference between uniform and anomalistic motion is greatest. 
[Proof:] The mean motion, counted from the apogee, is represented by Z EAH; 
for the body traverses the epicycle with the same [angular] speed as the epicycle 
traverses circle ABG. Furthermore the difference between mean and apparent 
motion is represented by Z ADH. Therefore it is clear that the amount by which 
Z EAH exceeds Z ADH (namely Z AHD) represents the apparent distance of 
the body from the apogee. But this distance is, by hypothesis, a quadrant. 
Therefore Z AHD is a right angle, and hence line DHG is tangent to epicycle 
EZH. Therefore arc AG, since it comprises the distance between the centre A 
and the tangent, is the greatest possible difference due to the anomaly. 

By the same reasoning, arc EH, which according to the sense of rotation on 


%6 This expression is later used as a technical term for the angle corresponding to Z EBZ here, and 
is usually translated ‘equation of anomaly’. See Introduction pp. 21-2. 

7 Precisely this statement, that the greater angle is subtended by the greater side, is the 
enunciation of Euclid I 19 (which Heiberg refers to ad loc.). But in fact what underlies Ptolemy’s 
statement is that, if side a is greater than side b, angle A is greater than angle B, which is Euclid 118. 
Perhaps we should adopt the reading of D, ind thy peiCova nAevpav H peil@v yovia broteivet 
(‘the greater angle subtends the greater side’), and assume that the text has been assimilated to the 
(wrong) Euclidean wording. 
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B 


Fig. 3.4 


the epicycle assumed here, represents the time from least speed to mean, 
exceeds arc HZ, which represents the time from mean speed to greatest, by 
twice arc AG. For if we produce DH to © and draw AK@ at right angles to EZ, 
ZIKAH = Z ADG,* 
and arc KH = arc AG.*? 
And arc EKH is greater than a quadrant by arc KH, 
while arc ZH is less than a quadrant by arc KH. 
Q.E.D. 
It is also true that the same effects will be produced by both hypotheses if one 
takes a partial motion over the same stretch of time for both, whether one 
considers the mean motion or the apparent, or the difference between them, 
that is the equation of anomaly. The best way to see that is as follows. 
[See Fig. 3.5.]*° Let the circle concentric with the ecliptic be ABG on centre 
D, and let the circle which is eccentric but equal to the concentre ABG be EZH 
on centre ©. Let the common diameter through their centres D, © and the 


8 Euclid VI 8. 

*° To get a grammatical text I excise Opoia at H225,4. It was introduced (at an early period, since 
it is reflected in the Arabic translations) as a correction of Ptolemy’s itaccurate (to the scholastic 
mind) statement that arc KH equals arc AG. Since the arcs are on circles of different sizes, they are 
technically only ‘similar’. An alternative correction would be toai pév yiyvovtai at te bn6 KAH 
Kat AAH yoviat (which is actually found in Theon’s commentary ad loc., Rome III 868,8, but is 
probably a paraphrase; it also seems to be behind L). 

* The figure in Heiberg (p. 225) wrongly omits the letter corresponding to L (though this is found 
in all mss.). Manitius, misled by this, ‘“emended’ AA at H226,23 to the nonsensical ‘AB’. 


III 3. Equivalence of eccentric and epicyclic hypotheses ee 


apogee E be EAOD. Cut off at random an arc AB on the concentre, and with 
centre B and radius D© draw the epicycle KZ. Join KBD. 

I say that the body will be carried by both kinds of motion [i.e. according to 
both hypotheses] to point Z, the intersection of the eccentre and the epicycle, in 
the same time in all cases (that is, the three arcs, EZ on the eccentre, AB on the 


concentre, and KZ on the epicycle, are all similar), and that the difference 
between uniform and anomalistic motion, and the apparent positions of the 
body, will turn out to be one and the same according to both hypotheses. 
[Proof:] Join ZO, BZ and DZ. 

Since, in the quadrilateral BDO Z, the opposite sides are equal, ZO to BD and 
BZ to DO, BDO©Z is a parallelogram. 

Therefore Z EOZ = Z ADB = Z ZBK. 

Therefore, since they are angles at the centre [of circles], the arcs subtended 
by them are also similar, i.e. 

Arc EZ of the eccentre || arc AB of the concentre || arc KZ of the epicycle. 

Therefore the body will be carried by both kinds of motions in the same time 
to the same point, Z, and will appear to have traversed the same arc AL of the 
ecliptic from the apogee, and accordingly the equation of anomaly will be the 
same in both hypotheses; for we showed that that equation is represented by 
Z DZ@ in the eccentrit hypothesis and by Z BDZ inthe epicyclic hypothesis, and 
these two angles are alternate and equal, since, as we have shown, ZO is parallel 
to BD. 

It is obvious that the same results will hold good for all distances [of the body 
from the apogee]. For quadrilateral ODZB will always be a parallelogram, and 
[hence] the motion of the body on the epicycle will actually describe the 
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eccentric circle, provided the ratios*' are similar and their members equal in 
both hypotheses. 

Moreover, even if the members are unequal in size, provided their ratios are 
similar, the same phenomena will result. This can be shown as follows. 

As before [see Fig. 3.6] let the circle concentric with the universe be ABG on 
centre D and the diameter, on which the body reaches apogee and perigee 
positions, ADG. Let the epicycle be drawn on point B, at an arbitrary distance, 
arc AB, from apogee A. Let the arc traversed by the body [on the epicycle] be 
EZ, which is, obviously, similar to AB, since the revolutions on {both] circles 
have the same period. Join DBE, BZ, DZ. 


G 


Fig. 3.6 


Now it is immediately obvious that, according to this [epicyclic] hypothesis, 
Z ADE will always equal Z ZBE, and the body will appear to lie on line DZ. 

But I say that the body will also appear to lie on the same line DZ according 
to the eccentric hypothesis, whether the eccentre is greater or smaller than the 
concentre ABG, provided only that one assumes that the ratios are similar and 
that the periods of revolution are the same. 
[Proof:] Let the eccentre be drawn under the conditions we have described, 
greater [than the concentre] as HO on centre K ({which must lie] on AG), and 


*! The ratios are e:R and rR. 
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smaller [than the concentre] as LM on centre N (this too [must lie on AG}). 
Produce DZ as DMZ®O, and DA as DLAH, and join @K, MN. 
Then since 
DB:BZ = ©K:KD = MN:ND [by hypothesis], 
and Z BZD = Z MDN (since DA is parallel to BZ); 

the three triangles [ZDB,DOK,DMN] are equiangular, 
and Z BDZ = Z DOK = Z DMN (angles subtended by corresponding sides). 

Therefore DB, OK and MN are parallel. 

-. £ ADB = Z AKO = Z ANM. 

Since these angles are at the centres of their circles, the arcs on them, AB, HO 
and LM, will also be similar. 

So it is true, not only that the epicycle has traversed arc AB in the same time 
as the body has traversed arc EZ, but also that the body will have traversed arcs 
HO and LM on the eccentres in that same time; hence in every case it will be 
seen along the same line DMZ®, according to the epicyclic {hypothesis} at 
point Z, according to the greater eccentre at point ©, and according to the 
smaller eccentre at point M. The same will hold true in all positions. 

A further consequence is that where the apparent distance of the body from 
apogee {at one moment] equals its apparent distance from perigee [at another], 
the equation of anomaly will be the same at both positions. 

{Proot:]| In the eccentric hypothesis [see Fig. 3.7], we draw the eccentric circle 


A 


G 


Fig. 3.7 


ABGD on centre E and diameter AEG through apogee A. We suppose the 
observer to be located at Z, and draw an arbitrary [chord] BZD through Z, and 
join EB and ED. Then the apparent positions [ of the body at B and D] will be 
equal and opposite, that is the angle AZB from the apogee will be equal and 


Figed 
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opposite to angle GZD from the perigee; and the equation of anomaly will be 
the same [in both cases], since 
BE = ED, and Z EBZ = 2 EDZ. 
So the arc [AB] of mean motion counted from the apogee A will exceed the arc of 
apparent motion (i.e. the arc subtended by angle AZB) by the same equation 
[equal to Z EBZ] as the arc of mean motion counted from the perigee G is 
exceeded by the arc of apparent motion (i.e. the [equal] arc subtended by 
2 GZ). For 
Z AEB >Z AZB, and Z GED < 4 GZD. 

In the epicyclic hypothesis [see Fig. 3.8] if, as before, we draw the concentre 
ABG on centre D and diameter ADG, and the epicycle EZH on centre A, draw 
an arbitrary line DHBZ, and join AZ and AH, then the arc AB representing the 
equation of anomaly will be the same at both positions, i.e. whether the body is 


G 


Fig. 3.8 


at Z or at H. And the distance of the body from the point on the ecliptic 
corresponding to the apogee when it is at Z will be equal to its distance from the 
point corresponding to the perigee when it is at H. For the arc of its apparent 
distance from the apogee is represented by Z DZA, since, as we showed, this is 
the difference between the mean motion and the equation of anomaly.** And 
the arc of its apparent distance from the perigee is represented by Z ZHA (for 
this, too, is equal to the mean motion from the perigee plus the equation of 
anomaly). 
But Z DZA = Z ZHA, since AZ = AH. 


#27 DZA = Z EAZ-Z ADZ. Shown p. 147. 
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Thus here too we conclude that the mean motion exceeds the apparent near 
the apogee (i.e. 4 EAZ exceeds Z AZD) by the same equation (namely Z ADH) 
as (he mean motion is exceeded by the (same) apparent motion (i.e. Z HAD by 
Z AHZ) near the perigee. 


Q.E.D. 


4. {On the apparent anomaly of the sun\* 


Having set out the above preliminary theorems, we must add a further 
preliminary thesis concerning the apparent anomaly of the sun. This has to be a 
single anomaly, of sucha kind that the time taken from least speed to mean shall 
always be greater than the time from mean speed to greatest, for we find that 
this accords with the phenomena. Now this could be represented by either of the 
hypotheses described above, though in case of the epicyclic hypothesis the 
motion of the sun on the apogee arc of the epicycle would have to be in advance. 
However, it would seem more reasonable to associate it with the eccentric 
hypothesis, since that is simpler and is performed by means of one motion 
instead of two.** 

Our first task is to find the ratio of the eccentricity of the sun’s circle, that is, 
the ratio which the distance between the centre of the eccentre and the centre of 
the ecliptic (located at the observer) bears to the radius of the eccentre. We must 
also find the degree of the ecliptic in which the apogee of the eccentre is located. 
These problems have been solved by Hipparchus with great care.*? He assumes 
that the interval from spring equinox to summer solstice is 943 days, and that the 
interval from summer solstice to autumnal equinox is 923 days, and then, with 
these observations as his sole data, shows that the line segment between the 
above-mentioned centres {of eccentre and ecliptic] is approximately 7ith of the 
radius of the eccentre, and that the apogee is approximately 243° (where the 
ecliptic is divided into 360°) in advance of the summer solstice. We too, for our 
own time, find approximately the same values for the times [taken by the sun to 
traverse] the above-mentioned quadrants, and for those ratios. Hence it is clear 
to us that the sun’s eccentre always maintains the same position relative to the 
solsticial and equinoctial points.*° 

In order not to neglect this topic, but rather to display the theorem worked 
out according to our own numerical solution, we too shall solve the problem, for 
the eccentre, using the same observed data, namely, as already stated, that the 
interval from spring equinox to summer solstice comprises 94; days, and that 


#8 See HAMA 57-8, Pedersen 144-9. 

**On the desirability of simplicity in hypotheses see III 1 p. 136 with n.17. 

5 Reading peta néonc onovdfic (with D, Ar) at H233,1-2 for peta onovefic (‘with care’). 

46 According to Ptolemy the sun’s apogee (unlike those of the five planets, as it later turns out, IX 
7) does not share in the motion of precession. The reproaches that have been cast on Ptolemy (€.g. 
by Manitius I 428-9) for failing to discover that the sun’s apogee too has a motion through the 
ecliptic are unjustified. To do that he would have needed observations of the time of equinox and 
solstice far more accurate than those available (to the nearest 4-day), and not only for his own time 
but also for an earlier time. See the papers by Rome[3] and Petersen and Schmidt for a 


mathematical demonstration of this. 
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from summer solstice to autumnal equinox 92) days. For our own very precise 
observations of the equinoxes and the summer solstice in the 463rd year from 
the death of Alexander confirm the day-totals in these intervals: as we said, 
[III 1, p. 138), the autumnal equinox occurred on Athyr [III] 9, [139 Sept. 26], 
after sunrise, the spring equinox on Pachon [IX] 7 [140 March 22], after noon 
(thus the interval [between them] is 1784 days), and the summer solstice on 
Mesore [XII] 11/12, [140 June 24/25], after midnight. Thus this interval, from 
spring equinox to summer solstice, comprises 943 days, which leaves approxi- 
mately 923 days to complete the year; this number represents the interval from 
the summer solstice to the following autumnal equinox.*’ 

[See Fig. 3.9.] Let the ecliptic be ABGD on centre E. In it draw two 
diameters, AG and BD, at right angles to each other, through the solsticial and 
equinoctial points. Let A represent the spring [equinox], B the summer 
[solstice], and so on in order. 


G 
Figaao 


7 In HI 1 the precise times of day given are ‘] hour after sunrise’, ‘] hour after noon’ and ‘2 hours 
after midnight’. Thus the precise intervals are 1783 days and 94° 13", leading to corrected figures of 
94° 13" and 92" 11" for the intervals used in the computation. But see p- 139 n.23 for the possibility 
that the time of solstice is ‘2 seasonal hours’ (13 equinoctial hours). Even as small a change as | 
hour in an interval has an effect of about 1° in the location of the apogee (cf. Petersen and Schmidt 
80-3 and Rome[3] 13-15). 
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Now it is clear that the centre of the eccentre will be located between lines EA 
and EB. For semi-circle ABG comprises more than half of the length of the year, 
and hence cuts off more than a semi-circle of the eccentre; and quadrant AB too 
comprises a longer time and cuts off a greater arc of the eccentre than quadrant 
BG. This being so, let point Z represent the centre of the eccentre, and draw the 
diameter through both centres and the apogee, EZH. With centre Z and 
arbitrary radius draw the sun’s eccentre @KLM, and draw through Z lines 
NXO parallel to AG and PRS parallel to BD. Draw perpendicular OTY from 
© to NXO and perpendicular KFQ from K to PRS. 

Now since the sun traverses circle OKLM with uniform motion, it will 
traverse arc OK in 94; days, and arc KL in 92; days. In 94) days its mean 
motion is approximately 93;9°, and in 92} days 91;11°. Therefore 

arc OKL = 184;20° 
and, by subtraction of the semi-circle NPO [from arc OKL], 
arc N© + arc LO [= 184;20° — 180°] = 4;20° 
So arc ONY = 2 arc ON = 4;20° also, 
“” OY = Crd arc ONY ~ Sodas the diameter of 
and EX = OT =70Y =2;16" {the eccentre = 120°, 
Now since arc ONPK = 93;9°, 
and arc ON = 2;10° and quadrant NP = 90°, 
by subtraction, arc PK = 0;59°, 
and arc KPQ = 2 are PK = 1;58°. 

-. KFQ = Crd arc KPQ = 2;4°, | where the diameter 

and ZX = KF =3KFQ = 1;2° 
And we have shown that EX = 2;16° in the same units. 

Now since EZ? = ZX? + EX?, 
EZ ~ 2:29)? where the radius of the eccentre = 60°. 
Therefore the radius of the eccentre is approximately 24 times the distance 
between the centres of the eccentre and the ecliptic. 
Now, since EZ:ZX = 2;2% : 1;2, 
ZX will be about 49;46° where hypotenuse EZ = 120°. 
Therefore, in the circle about right-angled triangle EZX, 
arc ZXGe49°. 
49°° where 2 right angles = 360°° 
OBES = \ 24;30° where 4 right angles = 360°°. 

So, since Z ZEX is an angle at the centre of the ecliptic, arc BH, which is 
the amount by which the apogee at H is in advance of the summer solstice 
at B, is also 24;30°. 

Furthermore, since quadrants OS and SN are each 90°, 

and arc OL = arc ON =2;10°, 
and arc MS = 0;59°, 
Pare Ni = co 
and arc MO = 88;49°. 
But the sun in its uniform motion travels 
86;51° in about 88% days, 

and 88;49° in about 90; days. 

Hence it is clear that the sun will traverse arc GD, which extends from the 


of the eccentre = 120°. 


1239 


H236 


H237 


H238 


H239 


156 III 4. Greatest equation of solar anomaly 


autumnal equinox to the winter solstice, in about 88% days, and arc DA, which 
extends from the winter solstice to the spring equinox, in about 90g days. The 
above conclusions are in agreement with what Hipparchus says. 

Using these quantities, then, let us first see what the greatest difference 
between mean and anomalistic motions is, and at what points it will occur. 

[See Fig. 3.10.] Let the eccentric circle be ABG on centre D and diameter 
ADG through the apogee A, on which E represents the centre of the ecliptic. 
Draw EB at right angles to AG, and join DB. 

Now since, where BD, the radius, equals 60°, DE, the eccentricity, equals 
2;30° (according to the ration 24:1), 

in the circle about right-angled triangle BDE, 

DE = 5° where hypotenuse BD = 120°, 
and arc DE ~ 4;46°. 

Therefore Z DBE, which represents the greatest equation of anomaly, 
_ ae where 2 right angles = 360°° 
~ | 2;23° where 4 right angles = 360°. 
In the same units, right angle BED = 90°, 

and Z BDA =/Z DBE +42 BED = 92:23" 


A 


G 


Fig. 3.10 


Thus, since Z BDA is at the centre of the eccentre and Z BED is at the centre of the 
ecliptic, we conclude that the greatest equation of anomaly is 2;23°, and the 
position where it occurs is 92;23° from the apogee, measured along the eccentre 
in uniform motion, and (as we proved earlier) a quadrant, or 90° [from the 
apogee], measured along the ecliptic in anomalistic motion. It is obvious from 
our previous results that in the opposite semi-circle*® the mean speed and the 
greatest equation of anomaly will occur at 270° of apparent motion, and at 
267;37° of mean motion on the eccentre. 


8 Reading HtkvKA1ov (with D,Ar) for tufpa (‘segment’) at H239,12. 
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We now want to use numerical computation, as we promised [pp. 145-6], to 
show that one derives the same quantities from the epicyclic hypothesis too, 
provided the same ratios are preserved in the way we explained. 

[See Fig. 3.11.] Let the circle concentric to the ecliptic be ABG on centre D 
and diameter ADG, and the epicycle circle EZH on centre A. From D draw a 
tangent to the epicycle, DZB, and join AZ. Then, as before, in the right-angled 
triangle ADZ, AD is 24 times AZ, so that, in the circle about right-angled 
triangle ADZ, AZ is, again, 5° where hypotenuse AD is 120°, and the arc on AZ 
is 4;46°. 

Me ace eae where 2 right angles = 360° 

2;23° where 4 right angles = 360°. 


G 


Fig. 3.11] 


Therefore the greatest equation of anomaly, namely arc AB, has been found to 
be 2:23° here too, in agreement with [the previous result], and the arc of 
anomalistic motion is 90°, since it is represented by the right angle AZD, while 
the arc of mean motion, which is represented by Z EAZ, is again 92;23°. 


5. {On the construction of a table for individual subdivisions of the anomaly}* 


In order to enable one to determine the anomalistic motion over any 


49 Reading TOV Gv@padtOv Kavovonotias at H240,16-17, with D (cf. all Greck mss. in the table 
of contents, ‘H190,9-10) for Tis dvapadtac EmoKéyews (‘investigation of the anomaly for partial 
stretches’, which is the reading of Ar in both places). 

On chs. 5 and 6 see HAMA 58-60, Pedersen 149-51. 
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subdivision [of the circle], we shall show, again for both hypotheses, how, given 
one of the arcs in question, we can compute the others. 

H241 [See Fig. 3.12.] First, let the circle concentric to the ecliptic be ABG on centre 
D, the eccentre EZH on centre ©, and let the diameter through both centres 
and the apogee E be EAQDH. Cut off arc EZ, and join ZD, ZO. First, let arc 
EZ be given, e.g. as 30°. 


Page 3:12 


Produce ZO and drop the perpendicular to it from D, DK. 
Then, since arc EZ is, by hypothesis, 30°, 
2 _ J 30° where 4 right angles = 360° 
See 2 DOK 60°° where 2 right angles = 360°. 
Therefore, in the circle about right-angled triangle DOK, 
arc DK = 60° 
and arc K® = 120° (supplement). 
Therefore the corresponding chords 
= P 
er aes a a 55° } where hypotenuse D© = 120°. 
Therefore, where D© = 2;30° and radius ZO = 60?, 
DK = 1515? and OK = 2;10°. 
H242 Therefore, by addition [of OK to radius ZO], KOZ = 62:10" 
Now since DK* + KOZ? = ZD’, 
the hypotenuse ZD © 62;11?. 
Therefore, where ZD = 120°, DK = 2;25°, 
and, in the circle about right-angled triangle ZDK, 
arc DE 2 eS 
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: _ J 2;18°° where 2 right angles = 360°° 
eee me where 4 right angles = 360°. 
That [1;9°] will be the amount of the equation of anomaly at this position. 
And Z EQZ was taken as 30°. 
Therefore, by subtraction, Z ADB (which equals arc AB of the ecliptic) equals 
20701 °. 
Furthermore, if any other of the [relevant] angles be given [instead of 
Z E@Z], the remaining angles will be given, as is immediately obvious if, in the 
same figure [see Fig. 3.13] we drop perpendicular OL from © on to ZD. 


Fig. 3.13 


For suppose first that arc AB of the ecliptic, i.e. Z ODL, is given. Then the 
ratio DO:OL will be given.*° And since DO:©Z is also given, OZ:OL will be 
given.°! Hence Z @ZL, the equation of anomaly, will be given.” and so will 
Z EOZ, i.e. arc EZ of the eccentre. 

Or suppose, secondly, that the equation of anomaly, i.e. Z OZD, is given: we 
will get the same results in reverse order. For from Z OZD the ratioOZ:OL will 
be given, and OZ:OD is given from the beginning. Hence DO:OL will be given, 


and hence Z ODL, i.e. arc AB of the ecliptic, and [hence] Z EOZ, i.e. arc EZ of 


the eccentre. 


5° Euclid Data 40: if the angles of a triangle are given, its sides are given in form (i.e. the ratio of the 
sides is given, cf. Data 3). 

5! Euclid Dala 8: magnitudes having a given ratio to the same magnitude have a given ratio to 
each other. D@:@Z is given as the ratio of eccentricity. 

52 Euclid Data 43: if, ina right-angled triangle, the sides about one of the acute angles have a given 
ratio, the triangle is given in form (cf. n.50). 
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Next [see Fig. 3.14] let the circle concentric with the ecliptic be ABG on 
centre D and diameter ADG, and let the epicycle (in the same ratio[to circle ABG 
as the eccentricity to the eccentre]) be EZH® on centre A. Cut offarc EZ and join 
ZBD and ZA. Let arc EZ again be taken in the same amount, 30°. Drop 
perpendicular ZK from Z on to AE. 


G 


Fig. 3.14 


Since arc EZ = 307 
/ EAZ = (a where 4 right angles = 360° 
60°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle AZK, 
i244 arc ZK = 60" 
and arc AK = 120° (supplement). 
Therefore the corresponding chords 
ZK = 60° , 
ancaKeA = 5105956) | where the diameter AZ = 120°. 
Therefore where hypotenuse AZ = 2;30° and radius AD = 60° 
ZK.= 1:16", WA = 210% 
and, by addition, KAD = 62;10°. 
And since ZK? + KD? = ZBD?, 
ZD = 62;11°, where ZK = 1;15°. 
So where hypotenuse DZ = 120°, ZK = 2;25°, 
and, in the circle about right-angled triangle DZK, 
arc ZK 223. 
~/ZDK = { 2;18°° where is right angles = 360°° 
1;9° where 2 right angles = 360°. 
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This is, again, the amount of the equation of anomaly, which is represented by 
arc AB. 

And Z EAZ was taken as 30°. 
Therefore, by subtraction, Z AZD, which represents the arc of apparent motion 
on the ecliptic, is 28;51°. 

These amounts are in agreement with what we found for the eccentric 
hypothesis. 

Here too, ifany other angle be given [instead of Z EAZ], the remaining angles 
will be given, {as can be seen] on the same figure [see Fig. 3.15] if the 
perpendicular AL is dropped from A on to DZ. 


G 


Fig. 3.15 


For if, as before, we first take the arc of apparent motion on the ecliptic, i.e. 
Z AZD, as given, from this the ratio ZA: AL will be given. And since ZA: AD was 
given from the beginning, DA: AL will be given. Hence Z ADB will be given, i.e. 
arc AB, the arc of the equation of anomaly, and so will Z EAZ, i.e. arc EZ of the 
epicycle. 

Of if, secondly, we take the equation of anomaly, i.e. ZADB, as given, then, in 
the same way but in reverse order, from this AD: AL will be given; and since 
DA:AZ was given from the beginning, ZA:AL will also be given; and hence 
Z AZD will be given, which corresponds to the arc of apparent motion on the 
ecliptic, and so will Z EAZ, i.e. arc EZ of the epicycle. 

Let us again take the previous figure for the eccentre [see Fig. 3.16], and cut 
off from H, the perigee of the eccentre, arc HZ, which we again take as 30°. Join 
DZB and ZO, and drop perpendicular DK from D on to OZ. 
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Fig. 3.16 


Then since arc ZH = 30°, 
_ J 30° where 4 right angles = 360° 
ee { 60°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle DOK, 
arc DK = 60° 
and arc KO = 120° (supplement). 
Therefore the corresponding chords 
pe P 
ane Be - “i 55° where diameter DO = 120°. 
Therefore where hypotenuse DO = 2;30° and radius OZ = 60°, 
. DK = 15’ andiOK = 2.10. 
and KZ = 57;50° by subtraction [of OK from OZ] 
And since DZ? = DK? + KZ’, 
DZ =~ 57;51° where DK = 1;15”. 
Therefore where hypotenuse DZ = 120°, DK = 2;34?.°° 
And, in the circle about right-angled triangle DZK, 
arc DK = 2:27°. 
~/DZK = ieee where 2 right angles = 360°° 
1;14° (approximately) where 4 right angles = 360°. 


*° Reading B AS for B Ad Ag (2;34,36) at H247,6, with Ar. Accurate computation gives 2;35,34 (cf. 
reading of D*), but Ptolemy gives his results here only to minutes, and 2;3¢4 is correct, since Crd 2:27° 
= 2;33,55° = 2:34". The 36 was presumably a marginal correction to the 34 (cf. reading of D at 
H249,20), which was later mistakenly incorporated as an extra place. The same correction has to be 
made at H249,20 (both made by Manitius). 
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This [1;14°], then, is the equation of anomaly. 

And since Z ZOH was taken as 30°, 
by addition, Z BDG, i.e. arc GB of the ecliptic, equals 31;14°. 

Here too, in the same way [as before], [see Fig. 3.17], we produce BD and 
drop perpendicular OL on to it. 


Fig. 3.17 


Then if, first, we take arc GB of the ecliptic, i.e. 2 @DL, as given, from this the 
ratio DO:OL will be given. And since @D:©Z was also given from the H248 
beginning, ZO:OL will be given. Hence we will have as given angles 

Z OZD, ie. the equation of anomaly 

and Z ZOD, i.e. arc HZ of the eccentre. 

Or if, secondly, we take the equation of anomaly, 1.e. Z OZD, as given, then 
conversely, from this ZO:OL will be given. And since ZO:@D was also given 
from the beginning, DO:OL will be given. Hence we will have, as given angles, 

Z ODL, which corresponds to arc GB of the ecliptic 

and Z ZOH, i.e. arc HZ of the eccentre. 

Similarly, on the previous figure of concentre and epicycle [see Fig. 3.18], we 
cut off arc OH from the perigee, in the same amount of 30°, join AH and DHB, 
and drop perpendicular HK from H on to AD. 

Then since arc ©H is again 30°, 

30° where 4 right angles = 360° 
Goes ed where 2 right angles = 360°°. sd 
Therefore in the circle about right-angled triangle HKA, 
arc HK = 60° 
and arc AK = 120° (supplement). 


H250 


164 III 5. Equation near perigee from epicyclic hypothesis 


G 


Fig. 3.18 


Therefore the corresponding chords 
Pp 
ane Res i Hee) where hypotenuse AH = 120°. 
Therefore where AH = 2;30° and radius AD = 60°, 
HK = 1;15°, AK = 2;10? and KD = 57;50°, by subtraction. 
and since HK? + KD? = DH*, 
DH & 57;51° where KH = 1;15?. 
Therefore where hypotenuse DH = 120? 
HK = 2:34, 
and, in the circle about DHK, arc HK = 2;27°. 
. ZHDK = ‘ave where 2 right angles = 360°° 
1;14° (approximately) where 4 right angles=360°. 
Here too, then, that is the size of the equation of anomaly, i.e. arc AB. 

And since Z KAH was taken as 30°, by addition, Z BHA, which represents 
the apparent motion on the ecliptic [counted from perigee], is 31;14°. These 
amounts agree with those found for the eccentric [hypothesis]. 

Here too, in the same way [as before], we drop perpendicular AL on to DB 
(see Big. 3.19] 

Then if, first, we take the arc of the ecliptic, i.e. Z AHL, as given, from this the 
ratio HA:AL will be given. And since HA: AD was given from the beginning, 
DA:AL will be given. Thence we will have as given angles 

Z ADB, i.e. arc AB, representing the equation of anomaly 

and Z OAH, i.e. arc OH of the epicycle. 

Or if, secondly, we take as given arc AB, representing the equation of 
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G 


Fig. 3.19 


anomaly, i.e. Z ADB, then, in the same way but in reverse order, from this the 
ratio DA:AL will be given. And since DA:AH is given from the beginning, 
HA:AL will also be given. Hence we will have as given angles 

Z AHL, ie. the arc of the ecliptic 
and Z @AH, i.e. arc OH of the epicycle. 
Thus we have proved what we set out to do. 

In order to have conveniently available the amount of the correction for any 
given position, [we want] to establish a table, subdivided into [appropriate] 
sections, for the computation of the apparent positions from the anomaly. The 
above theorems would allow a wide variety in the form ofsucha table,** but we 
prefer that form in which the argument is the mean motion and the function is 
the equation of anomaly.® For this form accords well with the actual theories, 
and it also provides a simple but highly practical way of computing any desired 
result. So using the first set of theorems [i.e. with the eccentric hypothesis] which 
we used in the numerical examples above, we computed geometrically, in the 
way described, for the individual subdivisions [of the circle], the equation of 
anomaly corresponding to the arc of mean motion. In general, both for the sun 
and for the other bodies, we divided the quadrants near the apogee”® into 15 
subdivisions (thus in these quadrants the interval of tabulation is 6°), and the 


54 Ptolemy means that theoretically one could take as argument either the mean motion («), the 
true position (kK), or the equation (6). 

55 Literally ‘which contains the equations of anomaly corresponding to the arcs of mean motion’. 

56Reading mpc toig Gxoyetorg (with all mss.) for mpg Gnoyetoic (misprint in Heiberg) at 
H251,24. Corrected by Manitius. 
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quadrants near the perigee into 30 subdivisions (thus in these the interval of 
tabulation is 3°). The reason is that the differences between [successive] 
equations of anomaly, for equal subdivisions [ofthe argument], are greater near 
the perigee than near the apogee. 

We shall set out the table of the sun's anomaly, then, in 43 lines, as betore, and 
3 columns. The first two columns will contain the numbers of the mean motion 
through 360°: the first 15 lines will comprise the two quadrants near the apegee. 
the next 30 the two quadrants near the perigee. Phe third column wilt contam 
the degrees of equation of anomaly to be added or subtracted, corresponding to 
the appropriate mean motion. The table is as follows. 


6. { Table of the sun’y anomaly} 


[See p. 167.] 


7. {On the epoch of the sun’s mean motion}?’ 


It remains to establish the epoch of the sun’s mean motion, in order te be able te 
compute the particular position for any given time. In making our expesitien of 
that matter, we shall again use*’ those positions of the body which we ourselves 
have observed most accurately (this is our general rule both tor the sun and for 
the other planets), but we use the mean motions we have derived to compute 
back to the beginning of the reign of Nabonassar tor the epochs we establish. For 
that is the era beginning from which the ancient observations are, on the whole. 
preserved down to our own time.*° 

[See Fig. 3.20.] Let the circle concentric with the ecliptic be ABG on centre 
I), and the sun’s eecentre EZH on centre ©, and let the diameter threugh both 
centres and the apogee E be EAHG. Let B represent the autumnal equinex on 
the echptic. Join BZD and ZO, and drop perpendicular OK trom © en to ZD 
produced. 

Then since B, the autumnal equinox, is located at the beginning of Libra, 
and G, the perigee, at 2 5°, 

arc BG = 65;30°. 
- BDG =Z @DK = 65:30° where 4 right angles = 360° 
131°° where 2 right angles = 360°. 
Therefore in the circle about right-angled triangle DOK, 
arc OK = 1319, 
and its chord OK = 109;12? where the diameter DO = 120°. 


*’See HAALA 58-60, Pedersen 151-3. 

Reading nomodpeba (with D) for éxommodpesa (we used’) at H254.5. It is unclear what 
reading(s) lie behind the Arabic translations. 

*'This statement ts borne out net only by the Baby lonian observations preserved in the Almegest 
ithe earliest of which is the lunar eclipse of -720 Mar. 19, in the Istvear ef Mardokempad. or the 27h 
year of the era Nabonassar, IV 6 p. 191, but also by the extant cuneiform records: the earliest 
surviving astronomical observations (apart from the special case of the Venus tablets of 
Ammisaduqa) are from -651 (Sachs[1] 44). 
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Fig. 3.20 


Therefore where D© = 5° and the hypotenuse ZO = 120°, 


OK = 4;33?. 
And, in the circle about right-angled triangle OZK, 
arc OK = 4;20°. 
: 4;20°° where 2 right angles = 360°° 
* Coe = ae where 4 right angles = 360°. 


And we found Z BDG = 65;30°. 
Therefore, by subtraction, Z ZOH (i.e. arc ZH of the eccentre) = 63;20°. 
Therefore, when the sun is at the autumnal equinox, it is 63;20° in mean motion 
H256 in advance of the perigee (i.e. J 53°), and 116;40° in mean motion to the rear of 
the apogee (i.e. II 5;30°). 

Now that we have established that, among the first of the equinoxes observed 
by us, one of the most accurately determined was the autumnal equinox which 
occurred in the seventeenth year of Hadrian, on Athyr [III] 7 in the Egyptian 
calendar [132 Sept. 25], about 2 equinoctial hours after noon. [From the above 
computation] it is clear that at that time the sun, in its mean motion, was 
116;40° to the rear of the apogee on the eccentre. Now from [the beginning of] the 
reign of Nabonassar [- 746 Feb. 26] to the death of Alexander [- 323 Nov. 12] is 
a total of 424 Egyptian years, and from the death of Alexander to{the beginning 
of] the reign of Augustus [-29 Aug. 31] 294 years, and from the first year of 
Augustus, Thoth } in the Egyptian calendar, noon (for we establish all epochs at 
noon), to the seventeenth year of Hadrian, Athyr 7, 2 equinoctial hours after 
noon, is 16] years 66 days 2 equinoctial hours. Therefore the sum total from the 
first year of Nabonassar, Thoth | in the Egyptian calendar, noon, up to the time 
of the above autumnal equinox, is 879 Egyptian years 66 days and 2 equinoctial 

H257 hours. In that interval the mean motion of sun is approximately 211;25° beyond 
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complete revolutions. Therefore, if to the 116;40°, which is the [sun’s] distance 
from the apogee of the eccentre at the above autumnal equinox, we add the 
360° of one revolution, and subtract from the result the 2} 1;25° of the increment 
in mean motion over the interval [in question}, we find for the epoch in mean 
motion in the first year of Nabonassar, Thoth } in the Egyptian calendar, noon, 
that the sun’s distance in mean motion is 265; 15° to the rear of the apogee. Thus 
its mean position is ¥ 0;45°.°° 


8. {On the calculation of the solar position}® 


So whenever we want to know the sun’s position for any required time, we take 
the time from epoch to the given moment (reckoned with respect to the local 
time at Alexandria), and enter with it into the table of mean motion. We add up 
the degrees [and their subdivisions} corresponding to the various arguments 
[18-year periods, years, months, etc.], add to this the elongation [from apogee at 
epoch], 265;15°, subtract complete revolutions from the total, and count the 
result from 1 5;30° rearwards through [i.e. in the order of} the signs. The point 
we come to will be the mean position of the sun. Next we enter with the same 
number, that is the distance from apogee to the sun’s mean position, into the 
table of anomaly, and take the corresponding amount in the third column. If 
the argument falls in the first column, that is if it is less than 180°, we subtract 
the [equation] from the mean position; but if the argument falls in the second 
column, i.e. is greater than 180°, we add it to the mean position. Thus we obtain 
the true or apparent [position of the] sun. 


9. {On the inequality in the [solar] days}® 


Such, then, we may say, are the theories concerning the sun alone. Following 
this it seems appropriate to add a brief discussion of the subject of the inequality 
of the solar day. A grasp of this topic is a necessary prerequisite, since the mean 
motions which we tabulate for each body are all arranged on the simple system 
of equal increments, as if all solar days were of equal length. However, it can be 
seen that this is not so. The revolution of the universe takes place uniformly 
about the poles of the equator. The more prominent ways of marking that 
revolution are by its return to the horizon, or to the meridian. Thus one 
revolution of the universe is, clearly, the return of a given point on the equator 
from some place on either the horizon or the meridian to the same place; anda 
solar day, simply defined, is the return of the sun from some point either on the 


6° Literally ‘45 minutes of the first degree of Pisces’. 

51See HAMA 58-61, Pedersen 153-4, and Appendix A, Example 7. 

6° The reading of D,Ar at H257,18, énoyfic (for &dnoxfic) is possible. The meaning would be the 
same, but one would have to understand ‘(the elongation from apogee] at epoch’, which is rather 
obscure. 

83 See HAMA 61-8, Pedersen 154-8. 

64 vy Orjpepov, literally ‘a night plus a day’. See Introduction p. 23. 
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horizon or on the meridian to the same point. On this definition, a mean solar 
day is the period comprising the passage of the 360 time-degrees of one 
revolution of the equator plus approximately 0;59 time-degrees, which is the 
amount of the mean motion of the sun during that period; and an anomalistic 
solar day is the period comprising the passage of the 360 time-degrees of one 
revolution of the equator plus that stretch of the equator which rises with, or 
crosses the meridian with, the anomalistic motion of the sun [in that period]. 

This additional stretch of the equator, beyond the 360 time-degrees, which 
crosses [the horizon or meridian] cannot be a constant, for two reasons: firstly, 
because of the sun’s apparent anomaly; and secondly, because equal sections of 
the ecliptic do not cross either the horizon or the meridian in equal times. 
Neither of these effects causes a perceptible difference between the mean and 
the anomalistic return for a single solar day, but the accumulated difference 
over a number of solar days is quite noticeable. 

As far as the effect of the solar anomaly is concerned, the greatest 
[accumulated] difference occurs between the two positions of the sun where its 
[true] speed equals its mean speed. The sum of the [anomalistic] solar days [over 
either of the two such intervals] will differ from the sum of the mean solar days 
fover the same interval] by about 4% time-degrees, and from the sum of 
[anomalistic] solar days over the other {such] interval by twice that amount, 
about 9) time-degrees. For the apparent motion of the sun over the semi-circle 
containing the apogee is 42° less than the mean, and its apparent motion over 
the semi-circle containing the perigee is the same amount [42°] greater than the 
mean.” 

As far as the effect of the variation in the time taken to cross the horizon at 
rising or setting is concerned, the greatest [accumulated] difference occurs 
between the ends of the semi-circles bounded by the solsticial points. For here 
too the rising-times of either of those semi-circles will differ from the 180° of the 
mean interval by the amount by which the longest or shortest day differs from 
the equinoctial day (measured in time-degrees); and they will differ from each 
other by the amount by which the longest day (or night) differs from the 
shortest. As far as the effect of the variation in the time taken to cross the 
meridian is concerned, the greatest [accumulated] difference will occur 
between two points enclosing two signs which are on either side of either a 
solsticial or an equinoctial point. For the sum of [the rising-times at sphaera recta 
of] the two such signs on either side of a solstice will differ from the mean interval 
by about 4) time-degrees, and from [the sum of the rising-times of] the two signs 
on either side of an equinox by 9 time-degrees, since the latter fall short of, and 
the former exceed the amount for the mean by about the same quantity.°® Hence 
we establish the beginning of the solar day at {astronomical} epochs from the 
meridian-crossing of the sun, and not from its rising or setting, since the [time- ] 
difference with respect to the horizon can reach several hours, and is not the 
same everywhere but varies according to the difference in longest or shortest 


°° The sun’s maximum equation of anomaly is 2;23° (II 6). Thus from mean speed (90° or 270° 
from apogee) to mean speed the mean motion is (2 x 2;23 ~ 43) greater or less than the true. 
°° From the table of rising-times at sphaera recta, 118, the sum of the rising-times of e.g. I and & is 


64:32 (=~ 60° + 45°, while that of e.g. my and = is 55;40 (= 60° — 43°) 
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day at the different latitudes, whereas the [time-]difference with respect to the 
meridian is the same at every place on earth, and is no greater than the time- 
variation due to the sun’s anomaly. 

The greatest®’ [accumulated] difference [between mean and anomalistic 
solar days] resulting from the combination of both these effects, namely that due 
to the sun’s anomaly and that due to the [variation in the time of] meridian- 
crossing, occurs over intervals where the above effects are either both additive 
or both subtractive. Now the [maximum] subtractive result from both effects 
occurs over the interval from the middle of Aquarius to [the end of] Libra, and 
the [maximum] additive one over the interval from [the beginning of] 
Scorpio to the middle of Aquarius. Both of these intervals produce a maximum 
additive or subtractive result which is composed of about 33° due to the effect of 
the solar anomaly, and about 4§° due to the [variation in the time of] meridian- 
crossing.°® Thus the maximum difference arising from the combination of both 
the above effects is 83 time-degrees, or ths of an hour, between the [true] solar 
days over either of these intervals and the [corresponding] mean solar days, and 
twice as much, 16 time-degrees, or 13 hours, between the [true] solar days of 
one such interval and those of the other. Neglect of a difference of this order 
would, perhaps, produce no perceptible error in the computation of the 
phenomena associated with the sun or the other [planets]; but in the case of the 
moon, since its speed is so great, the resulting error could no longer be 
overlooked, since it could amount to? of a degree.®° 

Therefore, to state once for all the rule for converting any interval whatever, 
given in [true] solar days (by which I mean days counted from noon to noon or 
midnight to midnight), into mean solar days: we determine the ecliptic position 
of the sun in both mean and anomalistic motion at the beginning and end of the 
given interval of solar days; then we take the increment, in degrees, from [the 
first] anomalistic (i.e. apparent) position to [the second] apparent position, 
enter with it into the table of rising-times at sphaera recta, and [thus] determine 
the time taken by this apparent distance [of the sun between the first and second 
positions] to cross the meridian, measured in degrees of the equator. We then 
take the difference between this number of time-degrees and the mean distance 
[of the sun from first to second positions], measured in degrees, and convert this 
difference, which is in time-degrees, to a fraction of an equinoctial hour. We 
add the result to the number of [true] solar days given if the amount of the time- 
degrees [corresponding to the rising-time of the apparent motion] was greater 
than the mean motion, or subtract it if less. The interval we arrive at will be 
corrected for expression in mean solar days. We shall use this type of interval 
particularly in computing the mean motions of the moon from its tables. One 
can immediately comprehend that, given mean solar days, one can find the 
[corresponding] civil solar days, i.e. days defined by simple observation, by 


67 Reading to nAciotov Sidgopov (with DB’Ar) at H261,14 for to dudpopov (‘the difference’). 

68 For a graphical verification of the amounts and positions given here by Ptolemy see HAMA III 
Fig. 57 on p. 1222. or 

°° The hourly mean motion of the moon (IV 3 p. 179) is about 0;32,56. So in 1 hours it moves 
0;36,36 © 5°. 
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performing the above computation of addition or subtraction of time-degrees in 
reverse. ’° 

At our epoch, that is, Year 1 of Nabonassar, Thoth | in the Egyptian 
calendar, noon, the position of the sun was in mean motion, as we showed just 
above, € 0;45°, and in anomalistic motion about 3€ 3;8°.” 


7°1f we call the interval in true solar days between times t, and t, At, and the interval in mean 
solar days AT, then Ptolemy’s rule, expressed algebraically, is AT= At + E (E corresponds, in a 
certain sense, to the modern ‘equation of time’), and E = (a (ty) - @ (t))) — (A (te) -— X (t,)). For 
proofs of the validity of this rule see HAMA 65-6, Pedersen 156-7. Pedersen shows that the rule is in 
fact an approximation, since one should take the motion in mean longitude, not over the interval 
(ty — ty) = At, but over the interval in mean solar days At (which is in practice impossible). Since, 
however, the difference between At and Af never exceeds about 33 minutes, during which the sun 
moves less than 2’, the error is utterly negligible. For examples of computation see HAMA 63-5 and 
Appendix A, Example 8. 

” Ptolemy gives the data for era Nabonassar because they will be required every time one needs 
to compute the lunar position accurately (ie. in mean solar days) from his tables (e.g. for the series of 
observations of fixed stars with respect to the moon in VII 3). Neugebauer notes (HAMA 63) that 
the epoch value for the mean longitude, 3€ 0;45°, seems itself to be corrected for the equation of time 
since reckoning backwards ‘simply’ from Ptolemy’s observation would give + 0;44° to the nearest 
minute, 


Book IV 


1. {The kind of observations which one must use to examine lunar phenomena}! 


In the preceding book we treated all the phenomena associated with the sun’s 
motion. We now begin our discussion of the moon, as is appropriate to the 
logical order. In doing so we think it our first duty not to take a naive or 
arbitrary approach in our use of the relevant observations. Rather, to establish 
our general notions [on this topic], we should rely especially on those 
demonstrations which depend on observations which not only cover a long 
period, but are actually made at lunar eclipses. For these are the only 
observations which allow one to determine the lunar position precisely: all 
others, whether they are taken from passages [of the moon] near fixed stars, or 
from [sightings with] instruments, or from solar eclipses, can contain a 
considerable error due to lunar parallax. It is only for particular further 
developments [of the theory] that we should use these other kinds of 
observations for our investigations. For the distance between the sphere of the 
moon and the centre of the earth, unlike the distance to the ecliptic, is not so 
great that the earth’s bulk has the ratio of a point to it. Hence it necessarily 
follows that the straight line drawn from the centre of the earth (which is the 
centre of the ecliptic) through the centre of the moon’ toa point on the ecliptic, 
which determines the true position ([as it does] for all bodies), does not in this 
case always coincide, even sensibly, with the line drawn from some point on the 
earth’s surface, that is, the observer’s point of view, to the moon’s centre, which 
determines its apparent position. Only when the moon is in the observer’s 
zenith do the lines from the earth’s centre and the observer’s eye through the 
moon’s centre to the ecliptic coincide. But when the moon is displaced from the 
zenith position in any way whatever, the directions of the above lines become 
different, and hence the apparent position cannot be the same as the true, but 
[differs from it], as the [line through] the observer's eye assumes various 
positions with respect to the line drawn through the centre of the earth, [by an 
amount] proportional to the varying angle of inclination [between the two 
lines]. 

This is the reason why in the case of solar eclipses, which are caused by the 


1On Chs 1-3 see HAMA 68-73, 308-15, Pedersen 160-4. 

? Reading and tod Kévtpov Tic yfig Tovtéott to C@dtaKod did tod Kévtpon thc CeAnvnc 
(with D, Ar) for and tob Kévtpov TCG GEANVN¢ (‘the straight line drawn from the moon’s centre’, 
which is nonsense) at H266,5. The error in most Greek mss. is due to haplography, and ts an important 
indication that all except D and its descendants come from a single (?Byzantine) ms. Corrected by 


Manitius. 
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moon passing below and blocking [the sun] (for when the moon falls into the 
cone from the observer’s eye to the sun it produces the obscuration which lasts 
until it has passed out [of the cone] again), the same’ eclipse does not appear 
identical, either in size or in duration,‘ in all places. For the moon does not 
produce obscuration for all observers, for the reasons stated above, and [even 
for those for whom it does produce obscuration] does not appear to obscure the 
same parts of the sun [for all alike]. Whereas in the case of lunar eclipses there is 
no such variation due to parallax, since the observer’s position is not a 
contributory cause to what happens at a lunar eclipse. For the moon’s light is at 
all times caused by the illumination from the sun. Thus when it is diametrically 
opposite to the sun, it normally appears to us as lighted over its whole surface, 
since the whole of its illuminated hemisphere is turned towards us as well {as 
towards the sun] at that time. However, when its position at opposition is such 
that it is immersed in the earth’s shadow-cone (which revolves with the same 
speed as the sun, but opposite it), then the moon loses the light over a part of its 
surface corresponding to the amount of its immersion, as the earth obstructs the 
illumination by the sun. Hence it appears to be eclipsed for all parts of the earth 
alike, both in the size [of the eclipse] and the length of the intervals (of the 
various phases]. 

Now to establish our general theory we need to use true, and not apparent, 
positions of the moon; for the ordered and regular must necessarily precede and 
serve as a foundation for the disordered and irregular. So, for the above reasons, 
we declare that we must not use, for this purpose, observations of the moon into 
which the observer’s position enters, but only lunar eclipse observations, since 
[only] in these does the observer’s position have no effect on the determination 
of the moon’s position. For it is obvious that, if we find the point on the ecliptic 
which the sun occupies at the time of mid-eclipse (which is, as accurately as we 
can determine, the moment at which the moon’s centre is diametrically 
opposite the sun’s in longitude), then at the same time of mid-eclipse the precise 
position of the moon’s centre will be the point diametrically opposite. 


2. On the periods of the moon 


The above may serve as an outline of the kind of observations which must be 
examined to determine the general theory of the moon. We shall now 
endeavour to describe the method which was used by the ancients in their 
attempts at establishing a [lunar] theory, and which we will find a most 
convenient tool in deciding which hypotheses accord with the phenomena. 
The moon’s motion appears anomalistic both in longitude and in latitude: 
the time it takes to traverse the ecliptic is not constant, and neither is the time it 


> Reading thc attic (with D, Ar) for tavtag (‘these eclipses’) at H267,4. Corrected by Manitius. 
* duration’: the Greek has the vague ‘times’ (totc ypdvoic). This is elucidated by H268,1 tot 
tov Siaotdsewv ypdvoic, the duration of the intervals (of partial and total phases]’. Ptolemy may 
also be alluding, in both places, to the fact that the actual moments of e.g. the beginning or middle 


of a solar eclipse are different at different places, and by an amount which does not correspond 
directly to the difference in longitude. 


IV 2. ‘Periodic’ and ‘Exeligmos’ 175 


takes to return to the same latitude.” Now unless one finds the period of its 
return in anomaly it is, necessarily, impossible to determine the period of the 
other motions [in longitude and latitude]. However, from individual observa- 
tions it is apparent that the moon’s mean speed can occur in any part of the 
ecliptic, as can its greatest speed and its least speed, and that it can reach its 
greatest northern or southern latitude, or appear exactly in the ecliptic, 
anywhere, too. Hence the ancient astronomers, with good reason, tried to find 
some period in which the moon’s motion in longitude would always be the 
same, on the grounds that only such a period could produce a return in 
anomaly. So they compared observations of lunar eclipses (for the reasons 
mentioned above), and tried to see whether there was an interval, consisting of 
an integer number of months, such that, between whatever points one took that 
interval of months,° the length in time was always the same, and so was the 
motion [of the moon] in longitude, [i-e.] either the same number of integer 
revolutions, or the same number of revolutions plus the same arc. 

The even more ancient [astronomers] used the somewhat crude estimate that 
such a period could be found in 65853 days. For they saw that in that interval 
occurred approximately 223 lunations, 239 returns in anomaly, 242 returns in 
latitude, and 241 revolutions in longitude plus 103°, which is the amount the 
sun travels beyond the 18 revolutions which it performs in the above time (that 
is when the motion of sun and moon 1s measured with respect to the fixed stars). 
They called this interval the ‘Periodic’, since it is the smallest single period 
which contains (approximately) an integer number of returns of the various 
motions.’ In order to obtain a period with an integer number of days, they 
tripled the 65853 days, obtaining 19756 days, which they called ‘Exeligmos’. 
Similarly, by tripling the other numbers, they obtained 669 lunations, 717 
returns in anomaly, 726 returns in latitude, and 723 revolutions in longitude 
plus 32°, which is the amount the sun travels beyond its 54 revolutions. ® 

However, Hipparchus already proved, by calculations from observations 
made by the Chaldaeans and in his time, that the above relationships were not 
accurate. For from the observations he set out he shows that the smallest 
constant interval defining an ecliptic period in which the number of months 
and the amount of [lunar] motion is always the same, is 126007 days plus | 
equinoctial hour. In this interval he finds comprised 4267 months, 4573 
complete returns in anomaly, and 4612 revolutions on the ecliptic less about 
73°, which is the amount by which the sun’s motion falls short of 345 revolutions 
(here too the revolution of sun and moon is taken with respect to the fixed stars). 
(Hence, dividing the above number of days by the 4267 months, he finds the 


5 Reading kata miGtos (with D) for kath 1d mAGtos at H269,9. 

5¢months’ here means ‘true synodic months’. This is generally true throughout the Almagest 
(except where the context makes it obvious that the reference is strictly calendaric). In the 
translation I usually make the meaning explicit. 

’This period, generally, but wrongly, called ‘Saros’ in modern times (see Neugebauer|! }), was 
well-known in Babylonian astronomy. See HAMA 497 ff. We do not know to whom Ptolemy reters 
by ‘the even more ancient people’, except that they are earlier than Hipparchus. 

8 The ébeArypdc (meaning ‘turn of the wheel’) is also mentioned by Geminus (Cap. XVIII. ed 
Manitius pp. 200-2), who gives exactly the same numbers as Ptolemy, including the ex 
sidereal longitude of 32°. 
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mean length of the [synodic] month as approximately 29;31,50,8,20 days). He 
shows, then, that the corresponding interval between two lunar eclipses is 
always precisely the same when they are taken over the above period 
[126007°1"]. So it is obvious that it is a period of return in anomaly, since [from 
whatever eclipse it begins], it always contains the same number [4267] of 
months, and 4611] revolutions in longitude plus 3523°, as determined by its 
syzygies with the sun. 

But if one were to look for the number of months [which always cover the 
same time-interval], not between two lunar eclipses, but merely between one 
conjunction or opposition and another syzygy of the same type, he would find 
an even smaller integer number of months containing a return in anomaly, by 
dividing the above numbers by 17 (which is their only common factor). This 
produces 251 months and 269 returns in anomaly. 

However, it was found that the above period [of 126007°1"] did not contain 
an integer number of returns in latitude too. For it was apparent that the [ pairs 
of] corresponding eclipses exhibited equality only with respect to the interval 
[between the pair] in time and revolution in longitude, but not with respect to 
the size and type of the obscuration,’ which is the criterion for [a return in] 
latitude. Nevertheless, having already determined the period of return in 
anomaly, Hipparchus again adduces intervals containing [an integer number 
of} months which have at each end eclipses which were identical in every 
respect, both in size and in duration [of the various phases], and in which there 
was no difference due to the anomaly. Thus it is apparent that there is a return 
in latitude too. He shows that such a period is contained in 5458 months and 
5923 returns in latitude.’ 

That, then, is the method which our predecessors used for the determination 
of such [periods]. It is not simple or easy to carry out, but demands a great deal 
of extraordinary care, as we can see from the following considerations. '' Let us 
grant that [two] intervals [between pairs of eclipses] are found to be precisely 
equal in time. In the first place, this is no use to us unless the sun too exhibits no 
effect due to anomaly, or exhibits the same over both intervals: for if this is not 
the case, but instead, as I said, the equation of anomaly has some effect, the sun 
will not have travelled equal distances over [the two] equal time-intervals, nor, 
obviously, will the moon. For example, let us suppose that each of the two 
intervals being compared comprises half a year beyond the same number of 
complete years, and that in this time the motion of the sun in the first interval 


° By ‘type’ Ptolemy means whether the obscuration begins from the north or south of the lunar 
disk. 

'©Ptolemy’s account here is not historically accurate. In fact Hipparchus took from Babylonian 
sources the parameters [1] 1 synodic month = 29;31,50,8,20°, [2] 251 synodic months = 269 
anomalistic months, and [3] 5458 synodic months = 5923 returns in latitude (Kugler, Babylonische 
Mondrechnung 4-46). Multiplying [2] by 17, he constructed an eclipse-period (Aaboe[1955], whence 
HAMA 310-2). An input ofsome value for the length of the year produced the solar motion over this 
period, rounded by Hipparchus to the nearest 4-sign (on which see Neugebauer[2], 251). Then 
Hipparchus confirmed (not derived, as Ptolemy says) the above by comparison of eclipses from his own 
time with Babylonian ones 345 years earlier (see Toomer[!1] for the method and identification of 
the eclipses he used). 

'' The following (to p. 178) is well explained and illustrated by Neugebauer, HAMA 71-2. 
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starts from the position of mean speed in Pisces, and in the second interval from 
the position of mean speed in Virgo.'? Then over the first interval the sun will 
have traversed about 43° less than a semi-circle [beyond complete revolutions], 
but over the second about 44° more than a semi-circle. Thus the moon too will 
have traversed over the first interval 1754° beyond complete revolutions and 
over the second 1843°, although both intervals cover an equal time. Therefore 
we define as the first necessary condition [for a return in lunar anomaly] that the 
intervals must exhibit one of the following characteristics with respect to the 
sun: 
[1] It must complete an integer number of revolutions [in both intervals]; or 
[2] traverse the semi-circle beginning at the apogee over one interval and the 
semi-circle beginning at the perigee over the other; or 
{3] begin from the same point [of the ecliptic] in each interval; or 
[4] be thesame distance from apogee (or perigee) at the first eclipse ofone interval 
as it is at the second eclipse of the other interval, [but] on the other side.'° 
For only under one of these conditions will there be no effect due to the 
anomaly, or the same effect over both intervals, so that the arc traversed beyond 
complete revolutions over one interval is equal to that traversed over the other, 
or even equal to the mean motion of the sun [over the intervals] as well. 
Secondly, it is our opinion that we must pay no less attention to the moon’s 
[varying] speed." For if this is not taken into account, it will be possible for the 
moon, in many situations, to cover equal arcs in longitude in equal times which 
do not at all represent a return in lunar anomaly as well. This will come to pass 
[1] if in both intervals the moon starts from the same speed (either both 
increasing or both decreasing), but does not return to that speed; or 
[2] if in one interval it starts from its greatest speed and ends at its least speed, 
while in the other interval it starts from its least speed and ends at its greatest 
speed; or 
[3] if the distance of [the position of] its speed at the beginning of one interval is 
the same distance from the {position of] greatest or least speed as [the position 
of] its speed at the end of the other interval, [but] on the other side.’° 
In each of these situations there will again be either no eflect or the same effect 
[in both intervals] of the lunar anomaly, and hence equal increments in 
longitude will be produced [over both intervals], but there will be no return in 
anomaly at all. So the intervals adduced must avoid all the above situations if 


!2That is, from the positions where the equation of anomaly reaches its positive maximum 
(Pisces) and negative maximum (Virgo). Illustrated by HAMA Fig. 59 p. 1223. 

13 That is, if the sun has an anomaly of a@° at the beginning of the first interval, it must have an 
anomaly of (360-a.)° at the end of the second interval. This situation (and the others listed here) is 
illustrated by HAMA Fig. 60 p. 1223. 

14 §6p0¢ is often used in early Greek astronomy for the (varying) amount which the moon travels 
in one day. The earliest example seems to be the ‘Eudoxus’ papyrus (ed. Blass p. 14). Where 
Ptolemy uses dpOpo0g for the moon (e.g. V 2, H355,14; V 3, H361,16) ‘speed’ seems the best 
translation. For a special use of the term by Hipparchus see V 3 p. 224 with n.14. 

‘5 TIlustrated (in the order [1], [3], [2]) by HAMA Fig. 61 p- Wes. which utilizes the lunar 
epicycle model. One must presume that Ptolemy avoids talking in geometrical terms (which is the 
most convenient way to visualize the situation) because he has not yet established a lunar model. 
However, it is hard to give any sense to ExatépwOev (literally ‘on opposite sides’, translated here as 
‘on the other side’) which does not involve an epicycle model. 
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they are to provide us directly with a period of return in anomaly. On the 
contrary, we should select intervals [the ends of which are situated] so as to best 
indicate [whether the interval is or is not a period of anomaly ], by displaying the 
discrepancy [between two intervals] when they do not contain an integer 
number of returns in anomaly. Such is the case when the intervals begin from 
speeds which are not merely different, but greatly different either in size or in 
effect. By ‘in size’ I mean when in one interval [the moon] starts from its least 
speed and does not end at the greatest speed, while in the other it starts from its 
greatest speed and does not end at its least speed. For in this case, unless the 
intervals contain an integer number of revolutions in anomaly, the difference in 
the increments in longitude over the two intervals will be very great; when the 
increment in anomaly is about one or three quadrants of a revolution, the 
intervals will differ by twice the [maximum] equation of anomaly. By ‘in effect’ 
I mean when [the moon] starts from mean speed in both positions, not, 
however, from the same mean speed, but from the mean speed during the 
period of increasing speed at one interval, and from that during the period of 
decreasing speed at the other. Here too, if there is not a return in anomaly, there 
will be a great difference in the increment in longitude [over the two intervals]; 
again, when the increment in anomaly is one or three quadrants of a revolution, 
the difference will again amount to twice the [maximum] equation of anomaly. 
and when the increment in anomaly is a semi-circle, the difference will be four 
times that amount.'® 

That is why, as we can see, Hipparchus too used his customary extreme care 
in the selection of the intervals adduced for his investigation of this question: he 
used [two intervals], in one of which the moon started from its greatest speed 
and did not end at its least speed, and in the other of which it started from its 
least speed and did not end at its greatest speed. Furthermore he also made a 
correction, albeit a small one, for the sun’s equation of anomaly, since the sun 
fell short of an integer number of revolutions by about of a sign, and this sign 
was different, and produced a different equation of anomaly, in each of the two 
intervals.'” 

We have made the above remarks, not to disparage the preceding method of 
determining the periodic returns, but to show that, while it can achieve its goal 
if applied with due care and the appropriate kind of calculations, if any of the 
conditions we set out above are omitted from consideration, even the least of 
them, it can fail utterly in its intended effect; and that, if one does use the proper 
criteria in making one’s selection of observational material, it is difficult to find 
corresponding [pairs of eclipse] observations which precisely fulfil all the 
required conditions. 

In any case, when we take the above periodic returns, as determined by 
Hipparchus’ calculations, we find that the period [containing an integer 
number] of months has, as we said, been calculated as correctly as possible, and 
has no perceptible difference from the true value. But there is an error in the 


'® These two situations (of maximum effect due to the anomaly when there is not a return in 
anomaly) are illustrated by HAMA Fig. 62 p. 1225. 
'7On the eclipses used by Hipparchus see Toomer{1 1 ]. 
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periods of anomaly and latitude, so considerable as to become quite apparent to 
us from the procedures we devised to check these values in simpler and more 
practical ways; we shall soon explain these, in connection with our demon- 
stration of the size of the lunar anomaly. But first, for convenience [of 
calculation] in what follows, we set out the individual mean motions fof the 
moon] in longitude, anomaly and latitude, in accordance with the above 
periods of their returns, and [also the mean motions] calculated on the basis of 
the corrections which we shall derive later.!® 


3. {On the individual mean motions of the moon} 


If, then, we multiply the mean daily motion of the sun which we derived, ca. 
0;59,8,17,13,12,31°", by the number of days in one fmean synodic] month, 
29:31,50,8,20°, and add to the result the 360° of one revolution, we will get the 
mean motion of the moon in longitude during one synodic month as ca. 
389;6,23,1,24,2,30,57°. Dividing this by the above number of days in a month, 
we get the mean daily motion of the moon im longitude as ca. 
13; 10,54958933 ,30730°. 

Next, multiplying the 269 revolutions in anomaly by the 360° of one 
revolution, we get 96840°. Dividing this by the number of days in 25! months, 
7412;10,44,51,40°, we get the mean daily motion in anomaly as 
1933953156:29:38;38°. 

Similarly, multiplying the 5923 returns in latitude by the 360° of one 
revolution, we get 2132280°. Dividing this by the number of days in 5458 
months, 161177:58,58,3,20°, we get the mean daily motion in latitude as 
1S; 13345739;4091 719°. 

Next, subtracting the mean daily motion of the sun from the mean daily 
motion of the moon in longitude, we get the mean daily motion in elongation as 
12S ZEAL 20MTI59°. 

However, from the methods which, as we said, we shall employ in what 
follows for investigation of this topic, we find that the mean daily motion in 
longitude (and hence, obviously, that in elongation), 1s practically identical to 
the above, but the mean daily motion in anomaly is 0;0,0,0, 1 1,46,39° less: thus it 
is 13;3,53,56,17,51,59°; and the mean daily motion in latitude is 0;0,0,0,8,39, 18° 
more; thus it is 13;13,45,39,48,56,37°. 

Using the latter daily motions, and taking sath of each, we get the following 
mean hourly motions: 


in longitude: 0;32,56,27,26,23,46,15° 
in anomaly: 0;32,39,44,50,44,39,57,30° 
in latitude: 0953, 492429152 21 52,30° 
in elongation: 0;30,28,36,43,20,44,57,30°. 


18 Ptolemy’s corrections to the mean motions in anomaly and latitude, given below, are 
justified at IV 7 (p. 204) and IV 9 (p. 207). 

19 All the above computations have been carried out very precisely, and are correct to the nearest 
sixth (60° degree). In the following computations of the mean motions for the greater units, 
however, Ptolemy operates as if the last place in the mean daily motions were precisely correct, 
i.e. no account is taken of the accumulated error for months, years, etc. 
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Multiplying the daily motions by 30 and subtracting complete revolutions, 
we get the following monthly mean increments: 


in longitude: . 395:17529,16,45no- 

in anomaly: 31256,58:8,55 5980" 

in latitude: 36;52,49,54,28,18,30°7° 
in elongation: 5;43,20,40,8,59,30°. 


Next, multiplying the daily motions by the 365 days of the Egyptian year, 
and subtracting complete revolutions, we get the following yearly mean 


increments: 


in longitude: 129;22,46,13,50,32,30° 
in anomaly: 88;43,7,28,41,13,55° 
in latitude: 148;42,47,12,44,25,5° 
in elongation: 129°37,2128,29 235,552. 


Next, multiplying the yearly motions by 18 (this number is chosen, as we said, 
for convenience in tabulation), after subtracting complete revolutions we get 
the following mean increments over an elghteen-year period: 

in jongitude: 168;49,52,9,9,45° 

in anomaly: 156;56,14,36,22,10,30° 

in latitude: 156;5079.49; 19,31530" 

in elongation: 173; 12,26,32,49,10,30°. 

As in the case of the sun, we will again set out three tables arranged in 45 lines, 
with 5 columns in each. The first column will contain the time-divisions 
appropriate to each table, in the first table the 18-year periods, in the second the 
years, again followed by the hours, in the third the months, again followed by 
the days. The remaining four columns will contain the degrees {and their 
subdivisions} corresponding to the appropriate argument: the second column, 
longitude, the third, anomaly, the fourth, latitude, and the fifth, elongation. 
The layout of the tables is as follows. 


H282-93 4.{ Tables of the mean motions of the moon} 


H294 


{See pp. 182-7.] 


5. {That in the simple hypothesis of the moon, too, the same phenomena are produced 
by both eccentric and epicyclic hypotheses}*) 


Our next task is to demonstrate the type and size of the moon’s anomaly. For the 
time being we shall treat this as if it were single and invariant.” It is apparent 
that this anomaly, namely the one with a period corresponding to the above 
period of return, is the only one which our predecessors (just about all of them) 


20Reading & for ha (‘31’) in the last place at H280,5, with D, Ar (cf. also the tables IV 4). 
Corrected by Manitius. 

21 See Pedersen 166-7. 

*? Reading kai tij¢ adtijc (with BD) for tadtne (‘as if this were single’) at H294,6. Ar read 
TavTHS. 
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have hit upon, Later, however, we shall show that the moon also has a second 
anomaly, inked to its distance from the sun, this [second anomaly | reaches a 
maaznnum round about both [waxing and waning) halfamoons, and oes 
through ts penod of return twice a month, [being zero} precisely at ¢ onjune tion 
and opposition.”’ We adopt this order of procedure in our demonstration 
because tis imposible to determine the second Janomaly| apart fron the first, 
which iealways combined with it, whereas the first can be found apart from the 
second, since it is determined from Junar eclipses, at which there is no 
pereepuble cilect of the anomaly connected with [the distance from] the sun, 

Pothier part of our dernonstrations we shall use the methods of establishing 
the theorem which Hipparchas, avwe see, used before us.”? We too, using three 
lunar eclipses, shall derive the maxinun difference from mean motion and the 
epoch of the [ragon’s powtion| al the apogee, on the assumption that only this 
[first} anomaly ie taken inte account, and that itis produced by the epicyclic 
hypothe Dh trae that the same phenomena would result from the eccentric 
hypothess buat we shall find the latter more suitable to represent the second 
anomaly, which is connected with the sun, when we come to combine both 
anormalies, However, the same phenomena wilbin all cases result from both the 
hypothese, we have described, whether, asin the situation described for the sun, 
the period of return in anomaly and the period of return in the echptic fie. in 
longitude] are both equal, or whether, as in the case of the moon, they are 
unequal, provided only tat the ratios fof epicycle to deferent and eccentricity 
to eccentre| are taken as identical. We can see this fron the following, in which 
we use the above-mentioned sinsple anomaly of the moon for our examimation., 

Since the moon completes its retin with respect to the ecliptie sooner than its 


return with respeet to this anomaly, ius clear that, inthe epicyclic hypothesss, 


over a given period of time, the epicycle will always traverse a greater are” of 


the circle concentric to the ecliptic than the are of the epicycle traversed by the 
moon in the same tine: in the eccentric hypothesis, the arc traversed by the 
moon on the eccentre will be similar to the are traversed by it on the epicycle [in 
the epicyclic hypothesis |, while the eccentre will move about the centre of the 
ecliptic in the same direction as the moon by an amount equal to the increment 
of the motion in longitude over the motion in anomaly [in the same time | (this 
corresponds to the increment of the arc of the deferent over the arc of the 
epicycle [in the epicyclic hypothesis|,. fn this way we can preserve the equality 
of the periods of both motions fice. in longitude and anomaly], as well as 
equality of the ratios, in both hypotheses. 

With the above as a necessary basis fas is obvious from logic), let [ Fig. 4.1 | the 
cirde concentric with the ecliptic be ABG on centre D and diameter AD, and 
let the epicycle be LZ on centre G, Let us suppose that when the epieycle was at 
A, the moon was at E, the apogee of the epicycle, and that in the same time as 
the epicycle has traversed are AG, the moon has traversed are bZ. Join ED, GZ. 


Reference to V 2-4. 

“On Hipparchus’ determination of the lunar parameters see further TV 11, Toomer[B} and 
Yoomer[2]. 

25*4 greater arc’: literally ‘an arc greater than the one similar to [the arc]’. 
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‘TABLES OF THE MOON’S MEAN MOTIONS 


Increment in Longitude Increment in Anomaly 


18-Year {Epoch Position:] 8 11;22° } {Epoch Position: ] 268;49° 
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Increment in Latitude Increment in Elongation 


[Epoch Position: ] 354;15° {Epoch Position] 70;37° 
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Single 
Years 


weer PITID PETITE ater vrer FIIOF FTA 


Hours CAO AOE LEE, we ee 


—— 


50 
4] 
32 


—— © 


] 
2 
3S 
4 
5 
6 
7 
8 
9 


a — 
Bb GO | GC ND DO 
Facfecl 


es MD oO] SPP CW] OP PO 


Wel Us} fos) ||| ooh eS fon) SKS) 


SS 


IV 4. Lunar mean motion tables 185 


Increment in Latitude Increment in Elongation 
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Increment in Longitude Increment in Anomaly 
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Increment in Latitude Increment in Elongation 
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Fig. 4.1 


Then, since arc AG >arc EZ, 
cut off arc BG || arc EZ, and join BD. 
Then it is clear that, in the same time, the eccentre will have moved through 
Z ADB, which represents the difference between the two motions, and its centre 
and apogee will lie along line BD. 
This being so, let DH = GZ. Join ZH, and with centre H and radius HZ draw 
the eccentre ZO. . ; , 
I say, that 
ZIGHD 2DG:GZ, 
and that in this hypothesis too the moon will be at point Z, i.e. 
arc Z@ || arc EZ. 
[Proof:] Since Z BDG = Z EGZ, GZ is parallel to DH. 
But GZ = DH [by construction]. 
Therefore ZH too is equal and parallel to GD.*° 
*» ZH:HD = DG:GZ. 
Furthermore, since DG is parallel to HZ, 
2 GDB = Z ZH; 
and, by hypothesis, Z GDB = Z EGZ. 
. arc Z@ || arc EZ. 
Therefore the moon has reached point Z in the same time according to either 
hypothesis, since the moon itself has traversed arc EZ on the epicycle and arc 
©Z on the eccentre, which we have shown to be similar, while the epicycle 


*° Euclid I 33: straight lines joining equal and parallel lines are themselves equal and parallel. 
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centre has moved through arc AG, and the centre of the eccentre through arc 
AB, which is the increment of arc AG over arc EZ. 
@E.D. 

Moreover, even if [the members of] the ratios are unequal, and the 
eccentre is not the same size as the deferent, the same phenomena will result, 
provided the ratios are similar, as will be clear from the following. 

Draw each of the hypotheses in a separate figure. Let [Fig. 4.2] the circle 
concentric to the ecliptic be ABG on centre D and diameter AD, and the 
epicycle EZ on centre G. Let the moon be at Z. Let [Fig. 4.3] the eccentre be 
HOK on centre L and diameter OLM, with the centre of the eclipticat M. Let H299 
the moon be at K. In the first figure join DGE,GZ,DZ, and in the second figure 
join HM, KM, KL. 

Let DG:GE = OL:LM. 

Let us suppose that in the same time as the epicycle has moved through 
ZADG, the moon has again moved through Z EGZ, the eccentre through 
ZHM6B®, and the moon, again, through Z OLK. 

Therefore, because of the assumed relationship between the motions, 


Z EGZ = Z@LK, 


Fig. 4.2 


and Z ADG = Z HMO + Z OLK. 
This being so, I say that the moon will again appear to have traversed an equal 
arc in the same time according to either hypothesis, i.e. 
Z ADZ = Z HMK 

(for at the beginning of the time-interval the moon was at the apogee and 
appeared along lines DA and MH, while at the end it was at points Z and K and 
appeared along lines ZD and MK). 
[Proof:] Let arc BG again be similar to arc OK (or arc EZ). Join BD. H300 

Then, since DG:GZ = KL:LM, 

and the angles at G and L are equal, 


H301 
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3) 


Fig. 4.3 


triangle GDZ ||| triangle KLM (sides about equal angles proportional), and the 
angles opposite the corresponding sides are equal. 
- ZGZD =Z LMK. 
: But Z BDZ = Z GZD, 
for GZ is parallel to BD, since, by hypothesis, Z ZGE = Z BDG. 
«1 ZB 2 EMK 
But, by hypothesis, 7 ADB, the difference between the motions [in longitude and 
anomaly] equals Z HM®, the motion of [the centre of] the eccentre. Therefore, 
by addition, 
ZL ADZ =ZKME. 
OED. 


6. {Demonstration of the first, simple anomaly of the moon?’ 


Let the preceding suffice us as preliminary theory. We shall now demonstrate 
the lunar anomaly in question, by means of the epicyclic hypothesis, for the 
reason mentioned. [For this purpose ] we shall use, first, among the most ancient 
eclipses available to us, three [which we have selected] as being recorded in an 
unambiguous fashion, and, secondly, [we shall repeat the procedure] using, 
among contemporary eclipses, three which we ourselves have observed very 
accurately. In this way our results will be valid over as long a period as possible, 
and in particular it will be apparent that approximately the same [maximum] 
equation of anomaly results from both demonstrations, and that the increment 
in the mean motions [between the two sets of eclipses] agrees*® with that 
computed from the above periods (as corrected by us). 


27See HAMA 73-8, Pedersen 169-79: 
8 Reading obu@wvos (with D, Ar) for cbup@voc del (‘always agrees’) at H301,10. 
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For the purposes of demonstrating the first anomaly, considered separately, 
the epicyclic hypothesis which we mentioned can be described as follows. 
Imagine a circle in the sphere of the moon which is concentric to and lies in the 
same plane as the ecliptic. Inclined to this, at an angle corresponding to the 
amount of its [maximum] deviation in latitude, is another circle, which moves 
uniformly in advance (with respect to the centre of the ecliptic) with a speed 
equal to the difference between the motions in latitude and longitude. On this 
inclined circle we suppose the so-called ‘epicycle’ to be carried, with a uniform 
motion, towards the rear with respect to the heavens, corresponding to the 
motion in latitude. (This motion, obviously, will represent the [mean] motion in 
longitude with respect to the ecliptic). On the epicycle itself [we suppose] the 
moon to move, in such a way that on the arc near the apogee its motion is in 
advance with respect to the heavens, at a speed corresponding to the period of 
return in anomaly. However, for the purposes of the present demonstration we 
shall suffer no ill consequences if we neglect the advance motion in latitude and 
the inclination of the moon’s orbit, since such a small inclination has no 
noticeable effect on the position in longitude.”® 

First, the three ancient eclipses which are selected from those observed in 
Babylon. 

The first is recorded as occurring in the first year of Mardokempad, Thoth [T] 
29/30 in the Egyptian calendar [-720 Mar. 19/20]. The eclipse began, it says, 
well over an hour after moonrise, and was total. 

Now since the sun was near the end of Pisces, and [therefore] the night was 
about 12 equinoctial hours long, the beginning of the eclipse occurred, clearly, 
4} equinoctial hours before midnight, and mid-eclipse (since it was total) 23 
hours before midnight.*° Now we takeas the standard meridian for all time deter- 
minations the meridian through Alexandria, which is about 2 of an equinoctial 
hour in advance [i.e. to the west] of the meridian through Babylon.*! So at 
Alexandria the middle of the eclipse in question was 33 equinoctial hours before 
midnight, at which time the true position of the sun, according to the [tables] 
calculated above, was approximately € 243°. 

The second eclipse is recorded as occurring in the second year of the same 
Mardokempad, Thoth [1] 18/19 in the Egyptian calendar [-719 Mar. 8/9]. 
The [maximum] obscuration, it says, was 3 digits*® from the south exactly at 
midnight. So, since mid-eclipse was exactly at midnight at Babylon, it must 


291 e. for the purposes of computing the longitude the moon’s orbit is treated as if it lay in the 
plane of the ecliptic. The maximum resulting error (for t * 5°) is about 6’ (cf. HAMA 83). Ptolemy 
himself (VI 7 p. 297) estimates it as 5’. ; ‘ 

30 A total eclipse of the moon is assumed to last 4 hours from start to finish. This agrees fairly well 
with the duration one derives from Ptolemy’s own eclipse tables (VI 8) and with the actual 
maximum possible duration. The duration of the eclipse in question (Oppolzer no. 741) was in fact 

out 32°, 

7 This time difference corresponds to a longitudinal difference of 123°. The actual time difference 
is about 585 minutes. In the Geography Ptolemy amended the difference, in the right direction but by 
far too much, to 14 hours (8.20.27), corresponding to the difference between the longitudes there 
assigned to Alexandria (603°, 4.5.9) and Babylon (79°, 5.20.6). - 

32 Modern calculations give a considerably smaller eclipse: Oppolzer (no. 743) 1.6 digits, PV. 
Neugebauer 1.5 digits. However Ptolemy’s own tables give about 25 digits: see Appendix A, 
Example 11. 
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have been é" before midnight at Alexandria, at which time the true position of 
the sun was € 133°. 

The third eclipse is recorded as occurring in the (same) second year of 
Mardokempad, Phamenoth [VII] 15/16 in the Egyptian calendar [-719 Sept. 
1/2]. The eclipse began, it says, after moonrise, and the [maximum] 
obscuration was more than half [the disk] from the north. So, since the sun was 
near the beginning of Virgo, the length of night at Babylon was about 11 
equinoctial hours, and half the night was 53 [equinoctial] hours. Therefore the 
beginning of the eclipse was about 5 ips) hours before midnight (since it 
began after moonrise), and mid-eclipse about 33 hours before midnight Ne the 
total time for an eclipse of that size must have been about 3 hours).** So in 
Alexandria mid-eclipse occurred 4} equinoctial hours before midnight, at 
which time the true position of the sun was about ™ 34°. 

Then it is clear that the motion of the sun (which is the same as that of the 
moon apart from complete revolutions) is 

from the middle of the first eclipse to the middle of the second: 349;15° 

from the middle of the second eclipse to the middle of the third: 169:30°. 

The time intervals are: 
354°25" reckoned simply 
345° 235" reckoned in mean solar days 
176°203" reckoned simply 
176°205" reckoned in mean solar days. 

Over such short intervals it will make no appreciable difference if one uses 
approximate periods [to determine the moon’s mean motions].** The moon’s 
mean motions are, then, (beyond complete revolutions), approximately 

17h 306;25° in anomaly 

in 354° 236 345;51° in longitude 

150;26° in anomaly 
170;7° in longitude. 

Thus it is clear that the motion on the epicycle of 306;25° over the first 
interval has produced an increment of {349;15° - 345;51°=] 3;24° over the 
mean motion, and the motion [on the epicycle] of 150;26° over the second 
interval has produced a decrement from the mean motion of [169;30° - 
LOFTS B78: 

With the above as data, let [Fig. 4.4] the moon’s epicycle be [circle] ABG, on 


from first to second 


from second to third 


in 176° 203" 


* At a lunar eclipse the moon is diametrically opposite the sun. Therefore moonrise coincided 
with sunset, which was 5} equinoctial hours before midnight. Ptolemy allows }-hour to account for 
‘after moonrise’. He estimates a duration of 3 hours for an eclipse of more than 6 digits (according to 
Oppolzer, no. 744, this eclipse had a magnitude of 6.4 digits and a duration of about 2:36"; P.V. 
Neugebauer calculates 6.1 digits and 2.4"). Obviously this eclipse is hardly ‘recorded in an 
unambiguous fashion’ (p. 190). 

This is a point of methodology. Ptolemy’s mean motion tables are based, not on the exact 
periods he took from Hipparchus, but (for the anomaly) on a correction applied to the number 
derived from those periods (IV 7). However, the correction is itself based in part on the parameters 
derived here. It is therefore important to note that the correction makes no difference over the short 
intervals considered here (between the first and second eclipses it is only about | second of arc). 
From IV 11 it is clear that Hipparchus had already established the principle that it was necessary to 
use an eclipse triple close in time, so that any long-term error in the mean motions would have a 
minimal effect. 
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D 


Fig. 4.4 


which point A is the location of the moon at the middle of the first eclipse, B its 
position at the middle of the second eclipse, and G its position at the middle of 
the third eclipse. We must imagine the moon to move on the epicycle from B to 
A and from A to G insucha way that are: AGB, which is its increment in motion 
between the first and second eclipses, is 306;25° and produces an increment of 
3;24° over the mean motion, while arc BAG, which is its increment in motion 
between the second and third eclipses, 1s 150;26°, and produces a decrement of 
0;37° from the mean motion. Hence the motion from B to A is 53;35° and 
produces a decrement of 3;24° from the mean motion, and the motion from A to 
G is 96;51° and produces an increment of 2;47° over the mean motion. 
Now the perigee of the epicycle cannot lie on arc BAG. This 1s clear because 
this arc has a subtractive effect, and is less than a semi-circle, while the greatest 
speed occurs at the perigee. Since, then, [the perigee] necessarily lies on arc 
GEB,”* let us take the centre of the ecliptic, which is also the centre of the 
deferent, as point D, and draw lines DA, DEB and DG to the points 
representing [ the positions of the moon at] the three eclipses. In order tomake the 
sequence of the proof readily transferable for computations of this kind, 
whether we use the epicyclic hypothesis (as now) for our demonstration, or the 


“5 For a detailed argument about the location of the observer with respect to the points on the 
epicycle representing the three eclipses see HAMA 74. 
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eccentric hypothesis, in which case [see Fig. 4.5] centre D is taken inside the 
circle, we give the following generally applicable description. 
Produce one of the three straight lines drawn [DA,DB,DG] to the opposite 
H307 circumference (in this case we already have DEB drawn to E from point B of the 
second eclipse), and draw a line joining the points of the other two eclipses (here 
AG). From the point where the first line produced cuts the circumference again 
(here E) draw lines to the other two points (here EA, EG), and [from the same 
point] drop perpendiculars on to the lines between the other two points and the 
centre of the ecliptic (here EZ on to AD and EH on to GD). From one of these 


B 


Figs 4:5 


two points (here G) drop a perpendicular on to the line drawn from the other 
(here A) to the extra intersection [with the circumference] (here E) resulting 
from [the first straight line, DB,] being produced (in this case, we drop G@ on to 
AE). Whichever point we start drawing the figure from, we shall find that the 
same ratios result from the numbers used in the demonstration. Our choice [of 
starting-point] is guided merely by convenience. 
So, since we found that arc BA subtends 3;24° of the ecliptic, 

3;24° where 4 right angles =360° 
6;48°° where 2 right angles = 360°°. 
H308 Therefore in the circle about right-angled triangle DEZ. 

arc EZ = 6;48° 

and EZ = 7;7,0° where hypotenuse DE = 120°. 


the angle at its centre, Z BDA = | 
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Similarly, since arc BA = 53;35, 
the angle [it subtends] at the circumference, 
Z BEA = 53;35°° where 2 right angles = 360°. 
But, in the same units, Z BDA = 6;48°°. 
Therefore, by subtraction, Z EAZ = 46;47°° in the same units. 
Therefore in the circle about right-angled triangle AEZ, 
arn, = 46.47 — 
and EZ = 47;38,30° where hypotenuse EA = 120°. 
Therefore where EZ = 7;7,0° and ED = 120°, 
AE ))7255,32". 
Again, since arc BAG subtends 0;37° of the ecliptic, 
0;37° where 4 right angles = 360° 
1;14°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle DEH, 
aide llel = j[ellate 
and EH = 1;17,30° where hypotenuse DE = 120?. H309 
Similarly, since arc BAG = 150;26°, 
the angle [it subtends] at the circumference, 
Z BEG = 150;26°° where 2 right angles = 360°. 
But Z BDG = 1;14°° in the same units. 
Therefore, by subtraction, Z EGD = 149;12°°. 
Therefore in the circle about right-angled triangle GEH, 
arc EH = 149;12° 
and EH = 115;41,21°° where hypotenuse GE = 120°. 
Therefore where EH = 1;17,30° and DE = 120°, 
GE = 20a, 
and, as we showed, EA = 17;55,32° in the same units. 
Again since, as we showed, arc AG = 96;51°, 
the angle [subtended by it] at the circumference, 
Z AEG = 96;51°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle GEO, 
arc GO = 96;51° 
and arc EO = 83;9° (complement). 
So the corresponding chords 


GO = 89;46,14° seein 
\ where hypotenuse GE = 120°. H310 


the angle at its centre, Z BDG = 


and E® = 79;37,55° 
Therefore where GE = 1;20,23° 
GO = 1;0,8° 
and E© = 0;53,21". 
And, in the same units, the whole line EA was found to be 17;55,32?. 
Therefore, by subtraction, OA = 17;2,11? where G® = 1;0,8°. 
And the square on A@ is 290;14,19 
while the square on GO is 1;0,17. 
But AG? = AQ? + GO? = 291;14,36. 


36 115:41,24 (as L) may be correct at H309,10 (computed: 115;41,28). It makes no difference to 
subsequent calculations whether one adopts 21, 24 or 28. 
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Therefore AG = 17;3,57? where DE = 120° and GE = 1;20,23°. 
But, where the diameter of the epicycle is 120°, AG = 89;46,14° 
(for it subtends arc AG, which is 96;51°). 
Therefore where AG = 89;46,14? and the epicycle diameter is 120°, 
DE = 631;13,48° 
and GE = 7;2,50°. 
Therefore arc GE of the epicycle = 6;44,1°. 
And, by hypothesis, are BAG = 150;26°. 

Therefore, by addition, arc BGE = 157;10,1°, 
so its chord, BE = 117;37,32° where the epicycle diameter is 120° and ED = 
631;13,48". 

Now if we had found BE equal to the diameter of the epicycle, the epicycle 
centre would, obviously, lie on it, and we would immediately get the ratio 
between the diameters [of epicycle and deferent]. Since, however, it is less than 
the diameter, and also arc BGE is less than a semi-circle, it is clear that the 
centre of the epicycle will fall outside segment BAGE. 

Let it be [Fig. 4.6] in point K, and draw the line DMKL from D, the centre of 
the ecliptic, through K. Thus point L represents the apogee of the epicycle and 
M its perigee. Then 

BD.DE = LD. DM’ 


LB 


D 


Fig. 4.6 


*’ Euclid HI 36: the rectangle contained by any line drawn froma point outside the circle and the 
segment of that line outside the circle equals the square on the tangent to the circle from that point. 
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and we have shown that where the epicycle diameter LKM = 120°, 
BE = 117;37,32? and ED = 631;13,48°. 
Therefore, by addition, BD = 748;51,20°. H312 
Therefore LD.DM = BD.DE = 472700;5,32°. 
Furthermore, since LD.DM + KM? = DK?,28 
and the radius of the epicycle, KM = 60°, 
KM? = 3600°, 
and DK? = 472700;5,32° + 3600° = 476300;5,32°. 
Therefore DK, the radius of the deferent circle concentric to the ecliptic, is 
690;8,42? where KM, the radius of the epicycle, is 60°. 
So, where the radius of the deferent, the centre of which coincides with the 
observer, is 60°, the radius of the epicycle is about 5;13°. H513 
Repeating the same figure [Fig. 4.7], drop perpendicular KNX from centre K 
on to BE, and join BK. 
Now, where DK = 690;8,42°, 
we found that DE = 631;13,48? 
and NE = 3BE = 58;48,46". 
Therefore, by addition, DEN = 690;2,34?. 


lB 


D 


Fig. 4.7 


38 Euclid II 6: ifa straight line (LM) be bisected and a straight line (DM) added to it, the rectangle 
contained by the whole plus the added line (LD) and the added line (DM), together with the square 
on the half (KM?) is equal to the square on the line (DK) made up of the half (KM) and the added 


line (DM). 
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Therefore in the circle about right-angled triangle DNK, 
DN = 119;58,57° where hypotenuse DK = 120°, 
and arc DN © 178;2°. 
. 178;2°° where 2 right angles = 360°° 
eee -{ 89;1° where 4 right angles = 360°. 
Therefore arc XM of the epicycle = 89;1°, 
and arc LBX = 90;59° (complement), 
and arc XB = 3 arc BXE = 78;35° (for arc BE was determined [p. 196] 
as about 157;10°). 
Therefore, by subtraction, arc LB of the epicycle, which is the distance of the 
moon from the apogee of the epicycle at the middle of the second eclipse in 
question, is 12,24°. 

Similarly, since, as we showed, 

Z DKN = 89;1° where 4 right angles = 360°, 
by subtraction, Z KDN, which represents the equation of anomaly (which is 
subtractive with respect to the mean motion) corresponding to the epicycle arc 
LB, is 0;59° (complement of Z DKN). Therefore the mean position of the moon 
at the middle of the second eclipse was m 14;44°, since its true position was TM 
13;45°, corresponding to the position of the sun in Pisces. 

Let us now turn to the three eclipses which we have selected from those very 
carefully observed by us in Alexandria. 

The first occurred in the seventeenth year of Hadrian, Pauni{ X] 20/21 inthe 
Egyptian calendar [133 May 6/7]. We computed the exact time of mid-eclipse 
as i of an equinoctial hour before midnight. It was total.°? At that time the true 
position of the sun was about 8 132°. 

The second occurred in the nineteenth year of Hadrian, Choiak [IV] 2/3 in 
the Egyptian calendar [134 Oct. 20/21]. We computed that mid-eclipse 
occurred 1 equinoctial hour before midnight. [The moon] was eclipsed é of its 
diameter from the north.*° At that time the true position of the sun was about 
a5,” 

The third eclipse occurred in the twentieth year of Hadrian, Pharmouthi 
[VIII] 19/20 in the Egyptian calendar [136 Mar. 5/6]. We computed that mid- 
eclipse occurred 4 equinoctial hours after midnight. [The moon] was eclipsed 
half of its diameter from the north.*! At that time the position of the sun was 
about € 1475°. 

It is clear that here too the mean motion [in longitude] of the moon, beyond 
complete revolutions, is equal to that of the sun, and is: 

from middle of the first eclipse to middle of the second: 161;55° 

from middle of the second eclipse to middle of the third: 138;55°. 

The length of the first interval is: 
1 Egyptian year 166 days 23: equinoctial hours reckoned simply 
1 Egyptian year 166 days 233 equinoctial hours reckoned accurately. 


°° Oppolzer no. 2071, the circumstances of which agree well with Ptolemy’s report. 

*°Oppolzer no. 2074, the circumstances of which agree extremely well with Ptolemy’s report. 

“Oppolzer no. 2075; circumstances: mid-eclipse 1;43 a.m. ~ 3i hours after midnight 
Alexandria, magnitude 5.5 digits. 
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The length of the second interval is: 
} Egyptian year 137 days 5 equinoctial hours reckoned simply H316 
1 Egyptian year 137 days 53 equinoctial hours reckoned accurately. 
The approximate mean motion of the moon (beyond complete revolutions) is: 
: d gash 110;21° in anomal 
aloe 169;37° in BS ccantte 
: d elh 81;36° in anomal 
eon ee 137;34° in omens 
Therefore, clearly, the 110;21° of motion on the epicycle over the first 
interval have produced a decrement from the mean motion of [161;55° - 
169;37°=] 7;42°, while the 81;36° of motion on the epicycle over the second 
interval have produced an increment to the mean motion of {138;55° - 
1373422 E2Zt°. 
With the above data, let the moon’s epicycle [Fig. 4.8} be ABG. Let A be the 
point in which the moon was at the middle of the first eclipse, B its location at 
the middle of the second eclipse, and G its position at the middle of the third. 


D 


Fig. 4.8 


We must, again, imagine the motion of the moon taking place from A toB and 
then from B to G in such a way that, as we said, arc AB, which is 110521°, 
produces a decrement of 7;42° with respect to the mean motion, while arc BG, 
which is 81;36°, produces an increment of 1;21° with respect to the mean 


Hoi 
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motion; thus the remaining arc GA is 168;3° and produces an increment to the 
mean motion of 6;21°, which is the difference [between 7;42° and 1;21°]. 

It is clear that the apogee must lie on arc AB, since it can lie neither on arc BG 
nor on arc GA, both of which produce an additive effect and are less than a 
semi-circle. In the same way [as before],*’ take the centre of the ecliptic and the 
circle carrying the epicycle as D, and draw from it, to the, points representing 
the 3 eclipses, lines DEA,DB,DG. Join BG and draw from point E to BandG 
lines EB and EG, and drop on to lines BD and DG perpendiculars EZ and EH. 
Also drop perpendicular GO from G on to BE. 

Then, since arc AB subtends 7;42° on the ecliptic, the angle at the centre of 
the ecliptic, 

7;42° where 4 right angles = 360° 
EAD -| 15;24°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle? DEZ, 
are EZ, = b5i24" 
and EZ = 16;4,42° where hypotenuse DE = 120°. 
Similarly, since arc AB = 110;21°, 
the angle [subtended by it] at the circumference, 
Z AEB = 110;21°° where 2 right angles = 360°°. 
But Z ADB = 15;24°° in the same units. 
Therefore, by subtraction, Z EBD = 94;57°°. 
Therefore in the circle about right-angled triangle** BEZ, 
aren”, = 9deo7* 
and EZ = 88;26,17° where hypotenuse BE = 120°. 
Therefore where EZ = 16;4,42? and DE = 120°, 
BE = 2154859" 
Furthermore, since, as we showed, arc GEA subtends 6;21° of the ecliptic, the 
angle at the centre of the ecliptic also, 
_ J) 6;21° where 4 right angles = 360° 
a -| 12;42°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle DEH, 
arc EH = 12.42 
and EH = 13;16,19 where hypotenuse DE = 120°. 
Similarly, since arc ABG = 191;57°, 
the angle [subtended by it] at the circumference, 
£ AEG = 191;57°° Where 2 right angles =300°°. 
But Z ADG was found to be 12;42°° in the same units. 
Therefore, by subtraction, Z EGD = 179;15°° in the same units. 
Therefore in the circle about right-angled triangle GEH, 
pine Slot = i7SRS 
and EH = 119;59,50° where hypotenuse GE = 120°. 


Reading dpoiws for Sus do pt broKemévov tobtov at H317,4-5. This would mean 
‘Nevertheless, without this as an assumption’; but the location of the apogee on arc AB is (and must 
be) assumed in Fig. 4.8. I suppose that 6poiws (‘similarly’) was corrupted to Sym (‘however’) 
and the rest then added as an ancient gloss. 

* Reading Op8oya@viov (with D, Ar) for tpiywvov at H317,25. So too at H319,4 and 319,14. 

“4 Reading BEZ dp8oyaviov (with D, Ar) for BEZ at H318,8. 
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Therefore where EH = 13;16,19? and DE* = 120°, 
GE = 13; 15720". 
And, as we showed, BE = 21;48,59° in the same units. 
Furthermore, since arc BG = 81;36°, 
the angle [subtended by it] at the circumference, 
Z BEG = 81;36°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle GEO, 
arc GO = 81;36° 
and arc E@ = 98;24° (supplement). 
Therefore the corresponding chords 
GO = 78;24,37° 
and EO = 90;50,22° 
Therefore where GE = 13;16,20°, 
GO = 8;40,20° and E© = 10;2,49°. 
And the whole line EB was found to be 21;48,59" in the same units. 
Therefore, by subtraction [of EO from EB}, 
©B = 11;46,10° where GO = 8;40,20?. 
And ©B? = 138;31,11?, G@? = 75;12,27°, 
and BG? = OB? + GO? = 213;43,38°. 
Therefore BG = 14;37,10° where DE = 120° and GE = 13;16,20?. 
But where the diameter of the epicycle is 120°, 
BG = 78;24,37° (chord of arc BG, which is 81;36°). 
Therefore where BG = 78;24,37° and the epicycle diameter is 120?, 
DE = 643;36,39° and GE = 71;11,4?. 
Therefore arc GE of the epicycle = 72;46,10°. 
And, by hypothesis, arc GEA = 168;3°. 
Therefore, by subtraction, arc EA = 95;16,50° 
and therefore its chord AE = 88;40,17° 
where the epicycle diameter is 120? and where ED = 643;36,39°. 
Furthermore, since arc EA was shown to be less than a semi-circle, the centre 
of the epicycle will, obviously, fall outside segment EA. Take the centre as point 
K [Fig. 4.9], and draw line DMKL, so that, again, point L represents the 
apogee and point M the perigee. Then 
AD.DE = LD.DM, 
and we have shown that, where the epicycle diameter LKM = 120°, 
AE = 88;40,17? and ED = 643;36,39° 
(thus, by addition, AD = 732;16,56°). 
“. LD.DMp= AD.DE = 47)304;46,17. 
Again, since 


} where hypotenuse EG = 120°. 


LD.DM + KM? = DK®, 
and KM, the radius of the epicycle, is 60°, 
if we add the 3600" (of KM?)*® to the above 471304;46,17°, 
we find DK? = 474904;46,17°. 


* Reading 1 5é AE px for 1 dé AE é5eix8n px (all mss.) at H319,7. The latter would mean ‘where 
DE, as was shown, equals 120°’, which is nonsense, since this is assumed, not proven. D,Ar have the 


same nonsensical g5ety8n at H318,11. - oe . : 
46 Reading tod énikbKAov TOV abtOv Eottv 6, cv Ta YX TOD tetpaywvov (with D,Ar) for tod 
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Q L 


D 


Fig. 4.9 


H322 Therefore the radius of the deferent, concentric with the ecliptic, 
DK = 689;8° where the radius of the epicycle, KM =60?. 
Therefore where the line joining the centres of ecliptic and epicycle is 60°, 
the radius of the epicycle is 5;14°. 
This ratio is very nearly the same as that derived just above from the more 
ancient eclipses. 
So, in the same figure [Fig. 4.10] drop perpendicular KNX from centre K on 
to DEA, and join AK. 
Then, as we showed, where DK = 689;8°, DE = 643;36,39°; 
and NE =3AE = 44;20,8° in the same units. 
Therefore, by addition, DEN = 687;56,47°. 
Therefore, where hypotenuse DK = 120°, DN = 119;47,36°, 
and in the circle about right-angled triangle DKN, 
arc DN =. 73172: 
_ J 173;17°° where 2 right angles = 360°° 
+ al where 4 right angles = 360°. 


émixKAov EEt|KOVTGA Noel TO dn’ adtHS VX, Eav ta YY at H321,14-15. Heiberg excises £Er\kovta 
from the latter, but it is still very clumsy. 
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Fig. 4.10 


-. arc MEX of the epicycle = 86;38,30°, 
and arc LAX = 93;21,30° (supplement), H323 
and arc AX =3 arc AE © 47;38,30°. 
Therefore, by subtraction, arc AL = 45;43°. 
But, by hypothesis, the whole arc AB = 110;21°. 
Therefore, by subtraction, arc LB = 64;38°. 
This is the distance of the moon from the apogee at the middle of the second 
eclipse determined above. 
Similarly, as we showed, 
Z DKN © 86;38°, 
so Z KDN = 3;22° (complement), 
and, by hypothesis, Z ADB = 7;42°. 
Therefore, by subtraction, Z LDB = 4;20°. 
This angle subtends the arc of the ecliptic representing the equation of 
anomaly (which is subtractive with respect to the mean motion) resulting from 
arc LB of the epicycle. 
Therefore the mean position of the moon at the middle of the second eclipse H324 
was &P 29;30°, since its true pesition was SP 25;10°, corresponding to the 
position of the sun in Libra. 
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7. {On the correction of the mean positions of the moon in longitude and anomaly}*" 


Now we have shown that the mean ‘position of the moon at the middle of the 
second of the [three] ancient eclipses was: 
in longitude: np 14;44° 
in anomaly: 12:24° from the apogee of the epicycle; 
and at the second of the three eclipses in our time: 
in longitude: P 29;30° 
in anomaly: 64;38° from the apogee. 
So it is clear that in the interval between the above two eclipses the mean 
motion of the moon, beyond complete revolutions, was: 
in longitude: 224;46° 
in anomaly: 52a 
Now the time between Mardokempad 2, Thoth 18/19, % hour before midnight, 
and Hadrian 19, Choiak 2/3, 1 hour before midnight is 
854 Egyptian years 73° 238 equinoctial hours reckoned simply 
854 Egyptian years 73° 233 equinoctial hours reckoned accurately (in mean 
solar days). 
H325 In days this is 311783 days 934 equinoctial hours. 
In this interval we find that the increment over complete revolutions, according 
to the daily motions derived above from the uncorrected hypotheses, is: 
in longitude: 224;46° 
in anomaly: —_52;31°.*8 
Thus, as we said [p. 179], we find that the increment in longitude is identical 
with what we derived from the above observations, but the increment in 
anomaly is 17 minutes too great. Hence, before constructing the [mean motion ] 
tables, we corrected the daily motion in anomaly by dividing these 17 minutes 
by the above total in days, and subtracting the resulting correction for | day (of 
0;0,0,0,11,46,39°) from the uncorrected mean daily motion in anomaly. The 
corrected motion is 13;3,53,56,17,51,59°, which is the basis of the other entries, 
derived by accumulation, in the tables. 


LN 


8. {On the epoch of the mean motions of the moon in longitude and anomaly} 


In order to establish the epochs of these [mean motions] for the same first year of 
Nabonassar, Thoth 1] in the Egyptian calendar, noon, we took the time-interval 
H326 from that moment to the middle of the second eclipse of the first trio (which is 
the nearer [to the epoch]). This, as we said, took place in the second year of 
Mardokempad, Thoth 18/19 in the Egyptian calendar, th of an equinoctial 
hour before midnight. This interval is computed as 27 Egyptian years, 17 days 


*7QOn chs 7 and 8 see HAMA 78-9, Pedersen 180-2. 

** If one computes accurately with Ptolemy’s mean daily motions (p. 179) one finds 224, 47, 15° (ef. 
HAMA 79) and 52;32,18° respectively, i.e. in each case one minute more (not utterly negligible in 
this context). I suspect that Ptolemy computed, not for 23:20", but for 23;18", i.e. his correction for 


the equation of time was not precisely - }", but —32 mins. (accurate computation gives -28} mins. ) 
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and 11§ hours both by the simple and (approximately) by the accurate 
reckoning.*’ To this interval corresponds (beyond complete revolutions) 
123;22° in longitude, and 
103;35° in anomaly. 
Subtracting each of these values from the corresponding one at the middle of 
the second eclipse [m 14;44° and 12;24°, p. 198], we find for the mean positions 
of the moon in the first year of Nabonassar, Thoth | in the Egyptian calendar, 
noon: 


in longitude: Slecce 
in anomaly: 268;49° from the apogee of the epicycle 
in elongation: 70;37° (for, as we showed, the [mean] position of 


the sun at the same moment was ¥€ 0;45°). 


9. {On the correction of the mean positions in latitude of the moon, and their epochs}*° 


By the above methods we have established the periodic motions and epochs [of 
the moon] in longitude and anomaly. Concerning the corresponding amounts 
for its latitude, we were formerly in error, because we too adopted Hipparchus’ 
assumptions that [the diameter of] the moon goes approximately 650 times into 
its own orbit, and 23 times into [the diameter of] the earth’s shadow, when it is at 
mean distance in the syzygies. For once these quantities and the size of the 
inclination of the moon’s orbit are given, the limits of individual lunar eclipses 
are given. So we took [pairs of] eclipses separated by a known interval, 
computed (from the magnitude of the obscuration at mid-eclipse) the true 
distance [of the moon] from whichever of the two nodes [the eclipse was near] 
along its inclined circle in [argument of] latitude, determined the mean position 
[in latitude] from the true by applying the equation of anomaly as already 
determined, and thus found the mean position in latitude at the middle of each 
eclipse, and hence the motion in latitude (as increment over complete 
revolutions) during that interval.” 

But now, using more elegant methods which do not require any of the 
previous assumptions for the solution of the problem, we have found that the 
motion in latitude computed by the above method is faulty. Furthermore, from 


*9 The equation of time between era Nabonassar (-746 Feb. 26) and the eclipse in question (-719 
Mar. 18) is in fact about —3 mins. This would make the mean motions | minute less in each case 
than Ptolemy's figures. 

°°See HAMA 80-2. Pedersen 181 is inadequate. 

5! Hipparchus’ method was first explained by Schmidt, ‘Maanens Middelbevaegelse’. Cf. 
HAMA 313. Norman T. Hamilton has discovered the relevance of this passage to the value of the 
moon's mean motion and position in latitude given in the Canobic Inscription, (Op. Mim. 151-2, cf. 
H.AAM1A 914), and shown that these were derived by application of the method outlined here to the 
two eclipses Nabonassar 28118 19 (IV 6, 11303) and Nabonassar 882 IV 2/3 (IV 6, H315). The first 
of these had already been used by Hipparchus (cf. VI 9, H526), who had found (by this method) 
that the moon was 9° past the node. Applying Hipparchus’ mean motion in latitude to the interval 
between the eclipses, Ptolemy found that the moon should have been 5° past the node at the second 
eclipse. However, from the observed magnitude he computed that it must rather be 6° past the 
node, and thus ‘corrected’ Hipparchus’ mean motion by adding 1°, to be distributed over the 


intervening 311784 days. Cf. IV 7. This produces exactly the value found in the Canobic Inscription. 
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the motion in latitude computed from our new method without those 
assumptions, we have proven that those very assumptons concerning sizes and 
distance are false, and have corrected them. We have done something similar 
with the hypotheses for Saturn and Mercury, changing some of our earlier, 
somewhat incorrect, assumptions because we later got more accurate obser- 
vations. For those who approach this science in a true spirit of enquiry and love 
of truth ought to use any new methods they discover, which give more accurate 
results, to correct not merely the ancient theories, but their own too, if they need 
it. They should not think it disgraceful, when the goal they profess to pursue is so 
great and divine, even if their theories are corrected and made more accurate 
by others beside themselves. As for those topics [corrections to the theories of 
Saturn and Mercury], we will explain how we deal with them at the proper 
places in the later part of our treatise.’ For the time being, to preserve the 
proper order of procedure, we will turn to the demonstration of the position in 
latitude, which is by the following method. 

First, then, to correct the actual mean motion in latitude, we looked for [pairs 
of] lunar eclipses (among those securely recorded) separated by as great an 
interval as possible, at both of which 
[1] the size of obscuration was equal, 

[2] the eclipses took place near the same node, 

[3] the eclipse was from the same side (either both from the north or both from 
the south) and 

[4] the moon was at about the same distance [from the earth]. 

If these conditions are fulfilled the moon’s centre must be the same distance 

from the same node, and on the same side, at both eclipses, and hence its true 

motion in latitude during the interval between the observations contains an 

integer number of revolutions in latitude. 

The first eclipse we used is the one observed in Babylon in the thirty-first year 
of Darius I, Tybi [V] 3/4 in the Egyptian calendar, [-490 Apr. 25/26] at the 
middle of the sixth hour [of night]. It is reported that at this eclipse the moon 
was obscured 2 digits from the south.*? 

The second eclipse we used is the one observed in Alexandria in the ninth 
year of Hadrian, Pachon [IX] 17/18 in the Egyptian calendar [125 Apr. 5, 6], 
3% equinoctial hours before midnight. At this eclipse too the moon was obscured 
sth of its diameter from the south. 

The position of the moon in latitude was near the descending node at each 


*’ There is nothing in the discussions of Mercury and Saturn (Bks. [X and XI) which gives a clue to 
the changes which Ptolemy mentions, but Hamilton’s discovery about the lunar latitude theory (see 
n.51) makes it plausible that Ptolemy is referring to the different parameters for Mercury and 
Saturn found in the Canobic Inscription. These are: for Saturn, an eccentricity of 3;15° instead of 
3;25°, ascending node 353;30° from Regulus instead of 327;30°; for Mercury, an eccentricity of 2;30° 
instead of 3-9°, inclination of deferent 0;40° instead of 0;45°, inclination of epicycle 7° instead of 
6;15°, slant of epicycle 2;30° instead of 7° (cf. HAMA 908-17). 

53 Oppolzer no. 1107: time 19;55" (~ 10 p.m. Alexandria), magnitude 1.1 digits. P.V. Neugebauer 
calculates ca. 22.7° Babylon. (~ 10;15 p.m. Alexandria), 1.7 digits. 

*# Oppolzer no. 2058: time 18;57" (~ 9 p.m. Alexandria), magnitude 2 digits. Note that although 
this eclipse was observed in Alexandria, Ptolemy does not say that he himself was the observer. We 
may conjecture that it was observed by the Theon who ‘transmitted’ the planetary observations 
recorded at IX 9, X 1 and X 2 (pp. 456, 469, 471) to Ptolemy. 
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eclipse (such conclusions can be drawn even from quite crude hypotheses).*° 
The distance [of the moon] was about the same [at both eclipses], and a little 
closer to the perigee than the mean distance. This too can be shown from our 
previous determination of the anomaly. Now, when the moon is eclipsed from 
the south, its centre is north of the ecliptic. So it is clear that at both eclipses the 
moon’s centre was an equal amount in advance of the descending node. In the 
first eclipse the distance of the moon from the apogee of the epicycle was 
100;19°. (For the time of mid-eclipse was 3-hour before midnight at Babylon, 
and [hence] 1} equinoctial hours before midnight at Alexandria;°® from the 
Nabonassar epoch the time comes to 
Sy 103 hours reckoned simply 

a { 103 hours reckoned in true solar days.) 

Therefore the true position was 5° less than the mean.’ In the second eclipse the 
moon was 251;53° from the apogee of the epicycle. (For in this case the time 
from epoch to the middle of the eclipse comes to 

a canes: 23 Geeks 85 equinoctiall hours reckoned simply 

873 equinoctial hours reckoned accurately. ) 

Therefore the true position was 4;53° more than the mean. Therefore, in the 
interval between the two eclipses, which comprises 615 Egyptian years, 133 
days and 21% equinoctial hours,** the true motion of the moon in latitude 
comprises an integer number of revolutions, while its mean motion fell short ofa 
complete revolution by 9,53°, which is the sum of both [equations of] anomaly. 
But according to the mean motions derived from Hipparchus’ hypotheses, as set 
out above, in that interval it falls short of acomplete revolution by about 10;2°. 
Thus the mean motion in latitude is greater than one would expect from his 
hypotheses by 9 minutes. 

We divided these 9 minutes by the total of days in the above interval 
(approximately 224609), and added the resulting 0;0,0,0,8,39,18° to the mean 
daily motion [in latitude] derived above from those hypotheses; thus we found 
the corrected mean motion of 13;13,45,39,48,56,37°, which we again used as 
the basis for the other accumulated totals in the tables. 

Having once, in this way, determined the mean motion in latitude, we next 
proceeded to establish its epoch position. For this purpose we looked for another 
pair of accurately observed eclipses at a known interval, in which all the same 
conditions were fulfilled as in the previous pair (namely, for both eclipses the 
distance of the moon was approximately equal, and [the magnitude of] the 
obscuration was equal and from the same side (either from the north or from the 
south for both), except that here the eclipses were near opposite nodes instead of 
near the same node. 


55 For an example of how this can be done see HAMA 81 n.4. 

5611 is not clear whether Ptolemy takes the time of the observation to be given in seasonal or 
equinoctial hours. However, the sun is close enough to the equinox that (for2-hour) the difference is 
minimal. 

*7 The simplest way to check this (and the corresponding amount at the second eclipse) is to use 
the equation table (IV 10) with arguments 100;19° and 251;53°. 

58 The corrections for equation of time are computed rather inaccurately, being about 4 minutes 
too great at both eclipses. However, these inaccuracies cancel out in the computation of the 


interval. 
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The first of these eclipses is the one which we also used for our demonstration 
of the anomaly [p. 191]. It occurred in the second year of Mardokempad, 
Thoth[{I] 18/19 in the Egyptian calendar [-719 Mar. 8/9], at midnight in 
Babylon, and é of an equinoctial hour before midnight at Alexandria; at this 
eclipse it is recorded that the moon was obscured 3 digits from the south. 

The second, which Hipparchus too used, occurred*? in the twentieth year of 
that Darius who succeeded Kambyses, Epiphi [XI] 28/29 in the Egyptian 
calendar [-501 Nov. 19/20], when 63 equinoctial hours of the night had passed; 
at this eclipse the moon was, again, obscured from the south ¢ of its diameter. 
The middle of the eclipse was § of an equinoctial hour before midnight in 
Babylon (for the length of half the night was about 64 equinoctial hours on that 
date), and [hence] 14 equinoctial hours before midnight in Alexandria. 

Both of these eclipses occurred when the moon was near its greatest distance, 
but the first was near the ascending node, while the second was near the 
descending node. So here too the centre of the moon was an equal distance 
north of the ecliptic at [both] eclipses. 

Then let [Fig. 4.11] the moon’s inclined orbit be ABG on diameter AG. Let us 
take point A as the ascending node, G as the descending node, and B as the 


B 


aang, 


Fig. 4.11 


northern limit. Cut off equal arcs, AD and GE, from nodes A and G towards the 
northern limit B. Then in the first eclipse the centre of the moon was at D and in 
the second at E. 

Now the time from epoch to [the middle of] the first eclipse is 27 Egyptian 
years, 17 days 116 equinoctial hours (reckoned both simply and accurately). 
Hence the moon’s distance from the apogee of the epicycle was 12;24°, and the 


” Reading yevopévy with CD for yevopévyn at H332,14. 
*Oppolzer no. 1090: time 21;24" (© 11515 p.m. Alexandria), magnitude 2.1 digits. 
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mean position was greater than the true by 59 minutes. Likewise, the time [from 
epoch] to [the middle of] the second eclipse was 
103 equinoctial hours reckoned simply 
104 equinoctial hours reckoned accurately, 
Hence the moon’s distance from the apogee of the epicycle was 2;44°, and the 
mean position was greater than the true by 13 minutes. The interval between 
the observations contains 218 Egyptian years, 309 days 2375 equinoctial hours, 
which produces, for the mean motion in latitude deduced above, an increment 
[over complete revolutions] of 160;4°. 

So, because of the above, let the mean position of the centre of the moon be at 
Z [in Fig. 4.11] at the first eclipse and at H in the second. Then since 

arc ZBH = 160;4° 
and are DZ = 0:59> and arc EH = 0;13°, 
arc DE = [arc DZ + arc ZBH - arc EH = | 160;50°. 
“. (arc AD + arc EG) = 19;10° (supplement). 

And, since they are equal, arc AD = arc EG = 9;35°. 
That is the amount by which the true position of the moon at the first eclipse was 
to the rear of the ascending node, and by which the true position of the moon at 
the second eclipse was in advance of the descending node. Therefore, by 
addition, 


245 Egyptian years, 327 days { 


areeie y= arc AD + arc DZ, = |/10:34° 
and, by subtraction, 


Ate PMG = fare PG sateen El = |'9:22°, 


Hence the mean position of the moon at the first eclipse was 10;34° to the rear of 


the ascending node, and [therefore] was 280;34° from the northern limit B, and 
at the second eclipse it was 9;22° in advance of the descending node, and 
[therefore] its distance from the northern limit was 80;38°. 

Next, since the time from epoch to the middle of the first eclipse produces an 
increment [over complete revolutions | of [mean motion in] latitude of 286; 19°, 
we subtract this amount from the 280;34° for the position at the first eclipse and 
(after adding 360°) find, for the first year of Nabonassar, Thoth 1 in the 
Egyptian calendar, noon: the mean position in latitude (counted from the 
northern limit): 354;15°. 

In order to be able to check calculations concerning conjunctions and 
oppositions (since for those positions [of the moon] we have no need of the 
second anomaly which we shall demonstrate later), we shall set out a table for 
the individual [equations of anomaly ]. We have calculated it geometrically, in 
the same way as we already did for the sun. In this case we used the ratio 60:54 
[as a basis], but, as [previously], we tabulate it at intervals of 6° for the apogee 
quadrants, and of 3° for the perigee [quadrants]. Thus the layout of the table is 
identical to that for the sun: it consists of 45 lines and 3 columns; the first two 
columns contain the argument, in degrees of anomaly, while the third contains 
the equation corresponding to each argument. In calculating the longitude and 
the latitude, this equation has to be subtracted when the anomaly, counted 
from the apogee of the epicycle, is up to 180°, and added when the anomaly is 
more than 180°. The table is as follows. 
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IV 11. Hipparchus’ two determinations of lunar anomaly 2h 


11. {That the difference in the size of the lunar anomaly, according to Hipparchus, 
1s due not to the different hypotheses employed, but to his calculations}®! 


Now that we have demonstrated the above, it would be quite reasonable for 
someone to ask why it is that the ratio [of the eccentricity ] found by Hipparchus 
from the lunar eclipses which he adduced for the determination of this anomaly 
is neither identical with the one determined by us, nor [consistent with itself, 
since] the first ratio he found, using the eccentric hypothesis, differs from the 
second, which was calculated from the epicyclic hypothesis. For in his first 
demonstration he derives the ratio between the radius of the eccentre and the 
distance between the centres of the eccentre and the ecliptic as about 3144:3275 
(which is the same as 60:6;15), while in the second he finds the ratio between the 
line joining the centre of the ecliptic to the centre of the epicycle, and the radius 
of the epicycle, as 31223:2473 (which is the same as 60:4;46). Now the maximum 
equation of anomaly for a ratio of 60:64 is 5;49°; for a ratio of 60:4;46 it is 4:34°, 
while our ratio of 60:54 produces a maximum equation of about 5°. 

Such a discrepancy cannot, as some think, be due to some inconsistency 
between the [epicyclic and eccentric] hypotheses. Not only have we shown this 
by logical argument just above [IV 5], from the perfect agreement between the 
phenomena resulting from both hypotheses, but numerically too, if we wanted 
to carry out the calculations, we would find that the same ratio results from both 
hypotheses, provided we use the same set of data for both, and not, like 
Hipparchus, different sets. For in that case (if different sets of eclipses are used as 
basis), the discrepancy can occur [through errors] in the actual observations or 
in the computations of the intervals. At any rate, we will find that in the case of 
those eclipses [used by Hipparchus] the syzygies were observed correctly, and 
are in agreement with our proven theories for the mean and anomalistic 
motions, but the computations of the intervals (on which the demonstration of 
the size of the ratio depends) were not carried out as carefully as possible. We 
shall demonstrate both of these assertions, beginning with the first three 
eclipses. 

He says that these three eclipses which he adduces are from the series brought 
over from Babylon, and were observed there; that the first occurred in the 
archonship of Phanostratos at Athens, in the month Poseideon;* a small section 
of the moon’s disk was eclipsed from the summer rising-point [1.e. the north- 
east ] when halfan hour of night was remaining. He adds that it was still eclipsed 


51 See HAMA 317-19. 

62 There are some inaccuracies here: 31223 : 2473 ~ 60: 4;45,21. The maximum equation 
resulting from an eccentricity of 4,46 in 60 is not 4;34°, but 4;33° to the nearest minute. These 
inaccuracies could be eliminated by changing 31223 to 31123 (cf. p. 215 n.75), but ms. authority is 
unanimous at all places. Even more inaccurate is the 5;49° of the maximum equation resulting from 
60 : 64. Correct (to the nearest minute) is 5;59°, and perhaps we should so emend it (v@ for p6 at 
H338,23). 

3 It is practically certain that this and the corresponding dates for the other two eclipses are in the 
astronomical Metonic calendar (see Introduction p. 12) rather than the Athenian civil calendar, for 
at the time when the Babylonian observations were ‘brought over’, the equation with the old 
Athenian civil calendar could hardly have been determined, and certainly was of no interest to the 
users of the observations. 
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when it set. Now this moment is in the 366th year from Nabonassar,. in the 
Egyptian calendar (as Hipparchus himself says) Thoth 26/27 [-382 Dec. 
92/23}, 53 seasonal hours after midnight (since half an hour of night was 
remaining). When the sun is near the end of Sagittarius, 1 hour of night in 
Babylon is 18 time-degrees (for the night is 14§ equinoctial hours long).** So 55 
seasonal hours produce 63 equinoctial hours. Therefore the beginning of the 
eclipse was 18% equinoctial hours after noon on the 26th. And since a small 
section [of the disk] was obscured, the duration of the whole eclipse must have 
been about 13 hours, so the middle of the eclipse, obviously, must have been 193 
equinoctial hours after [noon]. Therefore mid-eclipse at Alexandria was 183 
equinoctial hours after noon on the 26th.©’ The time from epoch in the first year 
of Nabonassar to the moment in question is 

183 equinoctial hours reckoned simply 
184 equinoctial hours reckoned accurately. 
At this moment, using our hypotheses as set out above, we find 


365 Egyptian years 25 days 


the true position of the sun as tT 238°, 
the mean position of the moon asII 24;20°, 
and its true position as lie 


(for its distance in anomaly from the apogee of the epicycle is 227;43°). 

He says that the next eclipse occurred in the archonship of Phanostratos at 
Athens, in the month Skirophorion, Phamenoth 24/25 in the Egyptian 
calendar, and that {the moon] was eclipsed from the summer rising-point [i.e. 
the north-east] when the first hour [of night] was well advanced. This moment is 
in the 366th year from Nabonassar, Phamenoth [VII] 24/25 {-381 June 
18/19], about 53 seasonal hours before midnight. When the sun is near the end 
of Gemini, one hour of the night at Babylon is 12 time-degrees. Therefore the 53 
seasonal hours produce 43 equinoctial hours. So the beginning of the eclipse was 
78 equinoctial hours after noon on the 24th. And since the duration of the whole 
eclipse is recorded as three hours, mid-eclipse, obviously, occurred 9i6 
equinoctial hours after [noon]. So in Alexandria it must have occurred about 84 
equinoctial hours after noon on the 24th.°’ The time from epoch is 
es 8% equinoctial hours reckoned simply 
gos Eaypiian year 202 day 7% equinoctial hours reckoned accurately. 
For this moment we find: 

true longitude of the sun: T2146" 


** These figures agree well enough with those derivable from the rising-time table (II 8) for Clima 
IV (Rhodes, M = 143", @ = 36°), for A® = F 28;18°. In the Geography (5.20.6) Ptolemy assigns 
Babylon a latitude of 35°. 

6° Oppolzer no. 1275: time 5;5" (© 7 a.m. Alexandria), magnitude 2.6 digits, half-duration 52 
mins. P.V. Neugebauer calculates c. 8 a.m. Babylon (~ 7 a.m. Alexandria), magnitude 3.0 digits, 
duration 1.8", 

Te. here (and in the other five eclipses) the true moon and true sun, as calculated from 
Ptolemy’s hypotheses, are almost exactly 180° apart, thus giving further confirmation of those 
hypotheses. In fact more accurate calculation gives rather worse agreement (e.g. here the 
discrepancy is about 43 minutes of arc rather than 1’), but in no case is the difference greater than 
could be explained by the vagueness of the time given in the eclipse report. 

*’Oppolzer no. 1276: time 18;31" (~ 8;30 p.m. Alexandria), half-duration 1:15". P.V. 
Neugebauer calculates the beginning of the eclipse at Babylon as 19.8", mid-eclipse as ca. 21.1" (~8 
p.m. Alexandria), duration 2.7", 
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mean longitude of the moon: Toe stag 

true longitude of the moon: f 21;48° 
(for its distance from the apogee of the epicycle in anomaly was 27;37°). 

The intervals between the first and second eclipses are: 
[time:] 177° 133 equinoctial hours 
motion of the sun in longitude: 173;28°, 

whereas Hipparchus carried out his demonstration on the basis of the intervals: 
[time:] 177° 134 equinoctial hours 

[longitude: ] 173° — 3°. 

He says that the third eclipse occurred in the archonship of Euandros at 
Athens, in the month Poseideon I, Thoth 16/17 in the Egyptian calendar, and H343 
that [the moon] was totally eclipsed, beginning from the summer rising-point 
[i.e. the north-east], after 4 hours [of night] had passed.°* This moment is in the 
367th year from Nabonassar, Thoth [I] 16/17 [-381 Dec. 12/13], about 23 
hours before midnight. Now when the sun is about two-thirds through 
Sagittarius, one hour of night at Babylon is about 18 time-degrees. So 
23 seasonal hours produce 3 equinoctial hours. Therefore the beginning of the 
eclipse was 9 equinoctial hours after noon on the 1 6th. And since the eclipse was 
total, its duration was about 4 equinoctial hours. So mid-eclipse, clearly, was 
about 11 hours after noon. Therefore in Alexandria mid-eclipse must have 
occurred 10% equinoctial hours after noon on the 16th.° The time from epoch 
[to this moment] is , 

; 106 equinoctial hours reckoned simp! 
pees otic 1 lays 1% equinoctial hours reckoned cate, 
For this moment we find: 

true longitude of the sun: 30° 

mean longitude of the moon: JE ira he 

true longitude of the moon: eli 26° 
(for its distance from the apogee of the epicycle in anomaly was 181;12°). 
The intervals from the second to the third eclipse are: Isles 

[in time:] 177° 2 equinoctial hours 

[in longitude: | 175:44°, 

whereas Hipparchus assumed the following intervals: 
[in time:] 177° 13 hours 

[in longitude: } 1758°.”° 
Thus it is apparent that he committed errors in his computations of the intervals 
of éth and ird of an equinoctial hour in time, and about § of a degree [in 


58 Ptolemy interprets this below to mean 2} seasonal hours before midnight, i.e. after 3} seasonal 
hours of night (he thus arrives at a time for the beginning of the eclipse at Babylon, 9 p.m., which 
agrees fairly well with modern calculations: P. V. Neugebauer gives 21.3"). But 6 @pév 
mapedndvOviGv can only mean ‘after 4 hours had passed’. Hence Manitius suggests emending to 
tis 8’ Hpac mpoeAnAvOviac (‘when the fourth hour was well advanced’), comparing T¢ MpatHs 
Gpac mpoerAnAvOviac at H341, 13-14, which is interpreted (p. 212) to mean ‘half'a seasonal hour 
after sunset’. A less violent emendation would bey for 6 (‘when 3 hours had passed’), cf. wdc Hpac 
ixav@c mapeAPovons at H302,16-17, ‘when one hour was well past’, which is interpreted as ‘13 
seasonal hours (after moonrise)’. But the whole ms. tradition is unanimous for Gx 

89Oppolzer no. 1277; time 20;4" (~ 10 p.m. Alexandria), half-duration 1;50°. 

7 Reading poe Kai n’ (with D,Ar) for poe H (175;8°) at H344,5. 
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longitude] in each interval. Errors of this amount can produce a considerable 
discrepancy in the size of the ratio {derived}. 

We will pass to the second set of three eclipses he set out, which he says were 
observed in Alexandria. He says that the first of these occurred in the 54th 
year of the Second Kallippic Cycle, Mesore [XII] 16 in the Egyptian 
calendar [-200 Sept. 22]. In this eclipse the moon began to be obscured halfan 
hour before it rose, and its full light was restored in the middle of the third hour 
[of night}. Therefore mid-eclipse occurred at the beginning of the second hour, 
5 seasonal hours before midnight, and also 5 equinoctial hours, since the sun 
was near the end of Virgo. So mid-eclipse at Alexandria occurred 7 equinoctial 
hours after noon on the 16th.’’ And the time from epoch in the first year of 
Nabonassar is 

: } 7 equinoctial hours reckoned simp! 

SRN aan Gams Sakae be sci hours reckoned ane 


For this moment we find: 


true longitude of the sun: ™m 26;6° 
mean longitude of the moon: ee? 
true longitude of the moon: 3€ 26; /° 


(for its distance in anomaly from the apogee of the epicycle was 300;13°). 
He says that the next eclipse occurred in the 55th” year of the same 
cycle, Mechir {V1]j 9 in the Egyptian calendar {-199 Mar. 19], that it began 
when 53 hours of night had passed, and was total. So the beginning of the eclipse 
was 113 equinoctial hours after noon on the 9th (since the sun was near the 
end of Pisces), and mid-eclipse was 133 equinoctial hours after {noon}. (since the 
whole moon was eclipsed).’* The time from epoch to this moment is 
547 Egyptian years 158 days 133 equinoctial hours, whether reckoned simply 
or accurately. 
For this moment we find: 


true longitude of the sun: Ze 
mean longitude of the moon: = 1;7° 
true longitude of the moon: Tp . 26;16° 


(for its distance in anomaly from the apogee was 109;28°). 
The intervals from first to second eclipse are: 
[in time: ] 178° 68 equinoctial hours 


[in longitude]: 180;11°, 


” Oppolzer no. 1545: time 17;2° (= 7 p.m. Alexandria), half-duration 1;29", 

Ideler, Untersuchungen 216-17, emended ‘55th’ to ‘54th’ here (H345,12) and was consequently 
forced to excise abtG (‘the same’) in the year designation of the third eclipse at H346,13. His 
argument was that the year begins at the summer solstice in the Kallippic calendar (see 
Introduction p. 12). Since year 1 of Cycle I begins at the summer solstice of —329, year 54 of 
Cycle II goes from June -200 to June -199, and thus includes this eclipse of March - 199. However, 
the two passages H345,12 and 346,13 confirm one another, and we must allow the possibility that 
Hipparchus, who was using the Egyptian calendar within the framework of the Kallippic cycle, 
began the year, not at the summer solstice, but at Thoth 1. Thus in his reckoning year 55 of Cycle II 
would run from Oct. of -200 to Oct. of -199, and would include both the second and third eclipses. 
It is true that this kind of reckoning cannot be applied to the Kallippic years of the equinoxes listed 
in II] 1, but that was in another work of Hipparchus, and there is no mention of the Egyptian 
calendar there. See also V 3 p. 224 with n.13. 

'’Oppolzer no. 1546: time 23;7" (© | am. Alexandria), half-duration 1;48". 
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whereas Hipparchus carried out his demonstration on the basis of the following 
intervals: 
[in time: ] 178° 6 equinoctial hours 

{fin longitude: | 180;20°. 

He says that the third eclipse occurred in the same (55th) year of the 
Second Cycle, on Mesore [XII] 5 in the Egyptian calendar [-199 Sept. 11] and 
that it began when 63 hours of the = had passed, and was total. He also says 
that mid-eclipse occurred at about 83 hours of night, that is 2} seasonal hours 
after midnight. Now when the sun is near the middle of Virgo, one hour of the 
night in Alexandria is 14% time-degrees. So 23 seasonal hours produce about 24 
equinoctial hours. So mid-eclipse was 144 equinoctial hours after noon on the 
5th.’* The time from epoch to this moment is 

meen 144 equinoctial hours reckoned simply 
ee os SON days { 133 equinoctial hours reckoned accurately. 
For this moment we find: 


true position of the sun: Weel be 
mean position of the moon: € 10;24° 
true position of the moon: Belo 132 


(for its distance in anomaly from the apogee of the epicycle was 249;9°). 
The interval from sear to third eclipse is: 
[in time: ] 176° 3 equinoctial hour 

{in longitude: ] 168:55°, 

whereas Hipparchus assumed the following intervals: 
{in time: ] 176° 13 equinoctial hours 

{in longitude: | 168;33°. 

Here too, then, it is apparent that he committed errors of about §° and 3° [in 
longitude], and about 2 and” (8 + 7) equinoctial hours [in time]. These errors 
too can result in a considerable discrepancy in the ratio calculated for the 
{particular} hypothesis. 


4 Oppolzer no. 1547: time Sept. 12 0;28" (~ 2;30 a.m. Alexandria), half-duration 1;50". Note 
that for Hipparchus the whole eclipse took place on Mesore 5, although it did not begin until after 
midnight (what Ptolemy would call ‘the midnight which lies towards the sixth’). See Introduction 

22 
Gs Reading boa Kal Tpit Kai Hpicet Kai Tpit Kai Sexdte for fpicet Kai Tpite Kat dexato 
(‘3 and § and jo’) at 11347, 16-17. The difference between Ptolemy’s and Hipparchus’ iime intervals 
are: I-H: 63" - ve = >; II-III: 13” - 3" = 13” = (2 + 15)". The emendation is certain and simple, but 

oer never to ANG been made. (In the Arabic tradition, T, Q, occurs the almost correct variant 

+ }and 3 +3+12’.) Manitus noticed the discrepancy, but was led astray by his misunderstanding 
at H347, 13-14 Rate tpitov pac, which he took to mean ‘a third of one hour’. Thus he supposed 
the difference between Ptolemy’s and Hipparchus’ intervals (II-I1) to be (§ - 3) = 4 minutes ~ 75 
hour, and emended Heiberg’s dexatw to dmdeKatw (the reading of D). I carelessly followed his 
interpretation and emendation in Toomer{2], in which I used Hipparchus’ intervals to recompute 
the ratios for the eccentric and epicyclic models. The result was that, while I found fairly good 
agreement with the ratio 3144: 3273 for the eccentric model, using the first triple of eclipses, I could 
derive a value close to the ratio 31223:2473} for the epicyclic model and the second eclipse triple only 
by attributing a computational error to Hipparchus. Now, however, using the correct time interval 
of 13" for I-HI, I find much better agreement with the above ratio, as I shall show in detail 
clsewhere. (Ifthe ratio were 31 125-2475, agreement would be almost perfect, and this also provides 
a better fit with the equivalences given by Ptolemy.) These calculations not only vindicate 
Hipparchus’ computational abilities, but cast doubt on my claim that he was operating with a 


chord table with base R = 3438. 
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Thus we have plainly displayed the reason for the above discrepancy, and it is 
clear that we can have even more confidence than before in the correctness of 
the ratio we deduced for the anomaly at lunar syzygies, since we have found 
these very same eclipses agreeing closely with our hypotheses. 


Book V 


1. {On the construction of an ‘astrolabe’ instrument}! 


As far as concerns the [moon’s] syzygies with the sun at conjunction and 
opposition, and the eclipses which occur at such syzygies, we find that the 
hypothesis set out above for the first, simple anomaly is sufficient, even if we 
employ it just as it is, without any change. But for particular positions [of the 
moon] at other sun-moon configurations one will find that it is no longer 
adequate, since as we said [p. 181], we have discovered that there is a second 
lunar anomaly, related to its distance from the sun. This anomaly is reduced to 
the first [1.e. becomes zero] at both syzygies, and reaches a maximum at both 
quadratures. We were led to awareness of and belief in this [second anomaly ] by 
the observations of lunar positions recorded by Hipparchus,” and also by our 
own observations, which were made by means of an instrument which we 
constructed for this purpose. The makeup of the instrument is as follows. 
We took two rings of an appropriate size, with their surfaces precisely turned 
on the lathe so as to be squared off{i.e. with rectangular cross-sections], equal 
and similar to each other in all dimensions. We joined them together at 
diametrically opposite points, so that they were fixed at right angles to each 
other, and their corresponding surfaces coincided: thus one of them [Fig. 
F,3| represented the ecliptic, and the other [Fig. F,4] the meridian through the 
poles of the ecliptic and the equator {i.e. a colure}. On the latter, using the side 
of the [inscribed] square [as measure], we marked the points representing the 
poles of the ecliptic, and pierced each point with a cylindrical peg [Fig. F,e,e] 
projecting beyond both outer and inner surfaces. On the outer [projections] we 
pivoted another ring [Fig. F,5] the concave [inner] surface of which fitted 
closely on the convex [outer] surface of the two joined rings, in sucha way that it 
could move freely about the above-mentioned poles of the ecliptic in the 


‘On the instrument described in this chapter the only good discussion is that of Rome[4], to 
which the reader is referred for all details of its construction and use. My Fig. F is based on the 
drawing there. The numbers and letters designating the rings and other parts of the instrument also 
follow Rome’s notation. In modern terms, it is an ‘armillary sphere’. The adjective ‘astrolabe’ 
applied to it and to its parts simply means ‘for taking the [the position of] the stars’, and has nothing 
to do with the instrument to which the name ‘astrolabe’ is now usually applied (on which see 
HAMA T] 868-79). The latter was called the ‘small astrolabe’ by Theon of Alexandria: see 
Romef[1] 14 n.0; by Ptolemy it was apparently called “horoscopic instrument’ (see HAMA II 866). 

? Examples of these are preserved at V 3 p. 224 and V 5 pp. 227 and 230, It is notable that these 
are the latest three known observations of Hipparchus. The obvious conclusion is that towards the 
end of his career he suspected that the ‘simple’ lunar hypothesis was inadequate for positions outside 
the syzygies, and was making observations to check this. 


H351 


H352 


H353 


218 V 1. Construction of armillary sphere 


Fig. F 


longitudinal direction. Similarly we pivoted another ring [Fig. F,2] on the inner 
[projections]; this too fitted the two [joined] rings closely, its convex surface to 
their concave, and, like the outer ring, moved freely in longitude about the 
same poles. We marked on this inner ring, and also on tne ring representing the 
ecliptic, the divisions indicating the standard 360 degrees of the circumference, 
and as small subdivisions of a degree as was practical. Then we fitted snugly 
inside the inner of the two [movable] rings another thin ring [Fig. F.1] with 
sighting-holes [Fig. F,b,b] projecting from it at diametrically opposite points. 
[This ring was constructed] so that it could move laterally in the plane of the 
ring it was fitted into, towards either of the above-mentioned poles, in order to 
allow observation of the variation in latitude. 

Having completed the above construction, we marked off from both poles of 
the ecliptic, on the ring representing the circle through both poles [Fig. F,4], an 
arc equal to the distance between the poles of ecliptic and equator (as 
determined above). At the ends of these arcs (which were, again, diametrically 
opposite) we again inserted pivots [Fig. F,d,d], attaching them to a meridian 
ring [Fig. F,6] similar to that’ described at the beginning of this treatise [pp. 61-2] 
for making observations of the arc of the meridian between the solsticial points. 
This meridian ring was set up in the same position as the earlier one, 
perpendicular to the plane of the horizon and at an elevation of the pole 
appropriate for the place in question, and also parallel to the plane of the actual 
meridian [at that place]. Thus the inner rings [Fig. F,4 etc. ] were set up so as to 


’Reading tO &v Gpyh tic ovvtdEeme anodederypév (with D.Ar) for tOv év apy THC 
ovvrdéews bnodedSerypévov (which is untranslatable) at H353,1-2. 


V 1. Use of armillary sphere for observation zal ie! 


revolve about the poles of the equator, from east to west, following the first 
motion of the universe. 

Once we had set up the instrument in the way described, whenever we had a 
situation in which both sun and moon could be observed above the earth at the 
same time, we set the outer astrolabe ring [Fig. F,5] to the graduation [on the 
ecliptic ring, fig. F,3] marking, as nearly as possible, the position of the sun at 
that moment. Then we rotated the ring through the poles [Fig. F,4] until the 
intersection [of outer astrolabe ring and ecliptic ring] marking the sun’s position 
was exactly facing the sun, and thus both the ecliptic ring [Fig. F,3] and the 
[ring] which goes through the poles of the ecliptic [Fig. F,5] cast its shadow 
exactly on itself.* Or, if we were using a star as sighting [i.e. orienting] object, we 
set the outer [astrolabe] ring to the position assumed for that star on the ecliptic- 
ring, [and then rotated the ring Fig. F,4 to such a position] that when we 
applied one eye to one face of the outer ring [Fig. F,5] the star appeared 
fastened, so to speak, to both[{nearer and farther] surfaces of that face,*® and thus 
was sighted in the plane through them. Then we rotated the other, inner 
astrolabe ring [Fig. F,2] towards the moon (or any other object we desired) so 
that the moon (or any other desired object) was sighted through both sighting- 
holes on the inmost ring at the same time as the sun (or the other sighting-star) 
was being sighted [as described above]. 

In this way we read off the position [of the moon or any other desired object] 
in longitude on the ecliptic, from the graduation occupied by the inner 
[astrolabe] ring [ Fig. F,2] on the ring representing the ecliptic [Fig. F,3], and its 
deviation to north or south [of the ecliptic] along the circie through the poles of 
the ecliptic, from the graduations of the inner astrolabe ring [Fig. F,2]; the 
latter is given by the distance between the mid-point of the upper® sighting-hole 
on the inmost rotating ring [Fig. F,]] and the line drawn through the centre 
of the ecliptic ring. 


* According to Ptolemy’s instructions, one has to compute the solar longitude, set the outer 
astrolabe ring (Fig. F, 5) to that position on the ecliptic ring (Fig. F, 3), and then, keeping the two in 
that position relative to each other, swing both until one can sight the sun along the outer astrolabe 
ring. Both rings should then shade themselves. Theoretically, even without knowing the sun’s 
position, one could set up the instrument by sighting the sun along the outer astrolabe ring and then 
moving the ecliptic ring relative to the latter until it shaded itself. Cf. p. 224 n.11. 

5Reading Gonep KEKOAANPEVOS GpPotépaic avdtHc taic énipavetaic for Kai 61a thc 
dmevavtiov Kai napdAAT AOD TOU KUKAOD MAELpAs WonEp KEKOAANPEVOS GLotE pais ATHY Taic 
émupavetaic at H353,24-354,1. The latter would mean ‘when we applied one eye to the [nearer] 
face of the outer ring and [looked] along the opposite, parallel face of the ring, the star appeared 
fastened, so to speak, to the surfaces of both those faces’. The words kat bud. oS TAEUPGS are a foolish 
explanatory interpolation by someone who misinterpreted GpPOrEPAIG Tadic EMLPAVEIAIG to mean 
‘the opposite faces’ of the ring instead of the two parts of the same face nearer to and farther from 
the eye’; then abt (referring to tH Etépa TOV MAEvVPOV) was changed to AUTOV (referring to both 
mhevpat), or possibly adt@v was simply interpolated. Quite apart from the technical problem, the 
text as printed by Heiberg is extraordinarily clumsy. The interpolation is quite early, since it 1s also 
in the Arabic tradition. Pappus’ commentary to the passage betrays no hint that he read the 
interpolation, but is not sufficiently close to the Almagest to allow us to say that he did not. 

6 ‘pper’: literally ‘above the earth’. Since the centre of all the rings represents the centre of the 
earth, the sight nearer the observer's eye is notionally ‘below the earth’, the other ‘above the earth’. 
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2. {On the hypothesis for the double anomaly of the moon}! 


When this type of observation was made without further analysis, it was found, 
both from the observations recorded by Hipparchus and from our own, that the 
distance of the moon from the sun was sometimes in agreement with that 
calculated from the above [simple] hypothesis, and sometimes in disagreement, 
the discrepancy being at some times small and at other times great. But when 
we paid more attention to the circumstances of the anomaly in question, and 
examined it more carefully over a continuous period, we discovered that at 
conjunction and opposition the discrepancy [between observation and calcula- 
tion] is cither imperceptible or small, the difference being of a size explicable by 
lunar parallax; at both quadratures, however, while the discrepancy is very 
small or nothing when the moon is at apogee or perigee of the epicycle, it 
reaches a maximum when the moon is near its mean speed and [thus] the 
equation of the first anomaly is also a maximum; furthermore, at either 
quadrature, when the first anomaly is subtractive the moon’s observed position 
is at an even smaller longitude than that calculated by subtracting the equation 
of the first anomaly, but when the first anomaly is additive its true position 1s 
even greater [than that calculated by adding the equation of the first anomaly J, 
and the size of this discrepancy is closely related to the size of the equation of the 
first anomaly. From these circumstances alone we could see that we must 
suppose the moon’s epicycle to be carried on an eccentric circle, being farthest 
from the earth at conjunction and opposition, and nearest to the earth at both 
quadratures. This will come about if we modify the first hypothesis along 
somewhat the following lines. 

Imagine the circle (in the inclined plane of the moon) concentric with the 
ecliptic moving in advance, as before [p. 191], (to represent the [motion in] 
latitude) about the poles of the ecliptic with a speed equal to the increment of 
the motion in latitude over the motion in longitude. Imagine, again, the moon 
traversing the so-called epicycle (moving in advance on its apogee arc) with a 
speed corresponding to the return of the first anomaly. Now, in this inclined 
plane, we suppose two motions to take place, in opposite directions, both 
uniform with respect to the centre of the eliptic: one of these carries the centre of 
the epicycle towards the rear through the signs with the speed of the motion in 
latitude, while the other carries the centre and apogee of the eccentre, which we 
assume located in the same [inclined] plane, (the centre of the epicycle will at all 
times be located on this eccentre), in advance through [i.e. in the reverse order 
of] the signs) by an amount corresponding to the difference between the motion 
in latitude and the double elongation (the elongation being the amount by 
which the moon’s mean motion in longitude exceeds the sun’s mean motion). 
Thus, to give an example, in one day the centre of the epicycle traverses about 
13;14° in motion of latitude towards the rear through the signs, but appears to 
have traversed 13;11° in longitude on the ecliptic, since the whole inclined 
circle [of the moon] traverses the difference of 0;3° in the opposite direction, 
[i.e.] in advance; [meanwhile] the apogee of the eccentre, in turn, travels 11;9° 


7On chs. 2-4 see HAALA 84-8, Pedersen 184-9. 
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in the opposite direction, (again in advance): this is the amount by which the 
double elongation, 24;23°, exceeds the motion in latitude, 13;14°. The 
combination of both of these motions, which take place in opposite directions, 
as we said, about the centre of the ecliptic, will produce the result that the radius 
carrying the centre of the epicycle and the radius carrying the centre of the 
eccentre will be separated by an arc which is the sum of 13;14° and 11;9°, and is 
twice the amount of the elongation (which is approximately 12;113°). Hence the 
epicycle will traverse the eccentre twice during a mean [synodic] month. We 
assume that it returns to the apogee of the eccentre at mean conjunction and 
opposition. 

In order to illustrate the details of the hypothesis, imagine [Fig. 5.1] the circle 
in the moon’s inclined plane concentric with the ecliptic as ABGD on centre E 
and diameter AEG. Let the apogee of the eccentre, the centre of the epicycle, 
the northern limit, the beginning of Aries and the mean sun [all] be located at 


G 


Fig. 5.1 


point A at the same moment. Then I say that in the course of one day the whole 
[inclined] plane moves in advance from A towards D about centre E, by about 
3’: thus the northern limit (which is [still represented by] A) reaches € 29;57°. 
The two opposite motions are carried out by the radius corresponding to EA 
[moving] uniformly about E, the centre of the ecliptic. Thus I say that in the 
course of one day the radius through the centre of the eccentre corresponding to 
EA rotates uniformly in advance [i.e. in the reverse order] of the signs to the 
position ED, carrying the apogee of the eccentre to D,® and making arc AD 


®Omitting kal ypagetv mepi to Z Kévtpov tov AH EKKEVTPOV after A at H358,20-21 : This 
would mean ‘and describing eccentre DH about centre Z’. This is nonsense: EA does not ‘describe 
the eccentre’ (since it is not a radius of the eccentre), but merely marks the position of the apogee of 
the eccentre. If Ptolemy wanted to refer to the eccentre here, he would presumably have written (as 


H358 


H359 
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11;9°. [In the same time] the radius through the centre of the epicycle 
[corresponding to EA] rotates uniformly, again about E, towards the rear 
through the signs to the position EB, carrying the centre of the epicycle to H, 
and making arc AB 13;14°. Thus the apparent distance of H, the centre of the 
epicycle, is 13;14° (in motion of latitude) from the northern limit A, 13;11° (in 
longitude) from the beginning of Aries (for the northern limit A has moved to 3€ 
29:57° in the same time), and 24;23° (the sum of arc AD and arc AB, and twice the 
mean daily elongation) from the apogee of the eccentre D. Since, in this way, 
the motion through B and the motion through D meet each other once in halfa 
mean [synodic] month, it is obvious that these motions will always be 
diametrically opposite at intervals of a quarter and three-quarters of that 
period, i.e. at the mean quadratures. At those times the centre of the epicycle, 
located on EB, will be diametrically opposite the apogee of the eccentre, located 
on ED, and [thus] will be at the perigee of the eccentre. 

It is also clear that under these circumstances the eccentre itself (that is, the 
fact that the arc DB is not similar to arc DH) will not produce any correction to 
the mean motion. For the uniform motion of the line EB is counted, not along 
arc DH of the eccentre, but along are DB of the ecliptic, since it rotates, not 
about the centre of the eccentre Z, but about E. The only [correction] which 
will result is that due to the difference in the effect of the epicycle: as the 
epicycle moves towards the perigee it produces a continuous increase in the 
equation of anomaly (subtractive and additive alike), since the angle formed by 
the epicycle at the observer’s eye is greater at positions [of the epicycle] nearer 
the perigee. On the other hand, there will, in general, be no difference from the 
first hypothesis when the centre of the epicycle is at the apogee A, which is 
the situation at the mean conjunctions and oppositions. 

For if (Fig. 5.2]° we draw epicycle MN about point A, AE:AM is the same 
ratio as that which we demonstrated from the eclipses. The greatest difference 
will be when the epicycle reaches H, the perigee of the eccentre (as XO here). 
This occurs at the mean quadratures. For the ratio XH:HE is greater than that 
at any other position, since XH, the radius of the epicycle, is always a constant 
length, while EH is the shortest of all lines drawn from the centre of the earth to 
theseccentre. 


3. {On the size of the anomaly of the moon which is related to the sun} 


In order to see what the maximum equation of anomaly is when the epicycle 
is at the perigee of the eccentre, we sought observations of the distance of the 
moon from the sun under the following conditions: 


ee 
does Is.) kal ypawévtoc nepi td Z KEvtpov ToD AH éxxévtpov ‘and if the eccentre DH is described 
about centre Z’. However, it seems more likely that this is an interpolation by someone who wanted 
an explicit reference to the drawing of the eccentre DH on centre Z, represented in Fig. 5.1 and 
referred to by Ptolemy below. 

’ The figure given by Heiberg (p. 360), which is taken from the ms, tradition represented by A, is 
wrong in making E the centre of the circle and adding a point K above it. My figure agrees with the 
text and with part of the Arabic tradition (e.g. P), except that all Arabic mss. have the equivalent of 
© for O. Manitius already made the same correction, except that he unnecessarily added the point 
Z (unattested in the mss.) as the centre of the circle. 
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M 


Fig. 5.2 


[1] The moon’s speed was about at the mean (for that is when the equation 
of anomaly is maximum). 

[2] The mean elongation of the moon from the sun was about a quadrant 
(for then the epicycle was near the perigee of the eccentre). 

{3] In addition to the above, the moon had no longitudinal parallax. 


If these conditions are fulfilled, the apparent observed longitudinal distance is 
the same as the true, and thus we can safely infer the size of the second anomaly 
which we are seeking. When we investigate on the basis of the above kind of 
observations, we find that, when the epicycle is closest to the earth, the greatest 
equation of anomaly is about 74° with respect to the mean position (or 23° 
different from [the corresponding equation of] the first anomaly). 

We will illustrate the way in which this kind of determination is made from 
one or two observations by way of example. We sighted sun and moon in the 
2nd year of Antoninus, Phamenoth [VII] 25 in the Egyptian calendar [139, 
Feb. 9], after sunrise, and 5¢ equinoctial hours before noon. The sun was sighted 
in #¢ 18°, and 2 4 wasculminating. The apparent position of the moon was M, 


5°, and that was its true position too, since when it is near the beginning of 


2 1 case bese 
Scorpius, about 17 hours to the west of the meridian at Alexandria, it has no 


noticeable parallax in longitude. '° Now the time from epoch in the first year of 


Te, at that situation the angle between ecliptic and altitude circle (derived from Table I 13) is 
about 90°, hence the parallax affects only the latitude, not the longitude. Interpolation in the tables 
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Nabonassar to the observation is 
885 Egyptian years 203 days 183 equinoctial hours (whether reckoned simply or 
accurately). 
For this moment we find: 
mean position of the sun: 4 16;27° 
true position of the sun: 4 18;50° (in accordance with its sighted position 
according to the astrolabe)."! 

From the first hypothesis we find the mean position of the moon at that 
moment as Mm, 17;20° (thus its mean elongation from the sun was about a 
quadrant), and the moon’s distance in anomaly from the apogee of the 
epicycle as 87;19° (which is near the position of maximum hi i Thus 
the true position of the moon was.less than the mean by 73° (instead of the 
5° of the first anomaly).’” 

Again, to display the amount of the equation under similar conditions which 
is derived from Hipparchus’ observations of such positions, we will adduce one 
of these. He says that he made the observation in the fifty-first year’? of the Third 
Kallippic Cycle, Epiphi [XT] 16 in the Egyptian calendar [-127 Aug. 5], when 
of the first hour had passed. ‘The speed was [that of day] 241’,'* he says, ‘and 
while the sun was sighted in Leo 875° the apparent position of the moon was 
Taurus 123°, and its true position was approximately the same’. So the true 
observed distance between moon and sun was 86;15°. But when the sun is near 
the beginning: of Leo, at Rhodes (where the observation was made), | hour of 
the day is 173 time-degrees. So the 53 seasonal hours (which make up the 
interval to [the following] noon) produce 6% equinoctial hours. Therefore the 


for Clima III, m 9;40°, 13” west of the meridian, gives 83;5°. Exact computation for Alexandria 
(@ © 31°) gives 83;45°. For the computations here and at the other observations of V 3 and V 5 see 
HAMA 91-2. 

''Ts this meant as a confirmation of the accuracy of the observation? This would imply that 
Ptolemy set up the instrument by using the shadow (cf. p. 219 n.4). It may, however, merely mean 
that this computation is the basis of the position to which Ptolemy set the instrument. 

2 Precise computation: mean elongation = * 16;27° — m, 17;20° = 89;7°; equation = m 
9;40° — m, 17;20° = —7;40°; equation from first hypothesis (from Table IV 10), a(87;19°) — -4;57°. 
However, Ptolemy is operating with rounded numbers, quite properly here. 

'5T have, doubtfully, accepted the emendation va’ for v’ (‘fiftieth) at H363,16. The Julian date of 
the observation, -127 Aug. 5, is guaranteed both by the astronomical data and by Ptolemy’s 
reckoning in the era Nabonassar. Ideler (Historische Untersuchungen 217-18) made the emendation 
because he calculated, correctly, from the known epoch of the Kallippic cycles that this must fall in 
the fifty-first year. In this case (cf. p. 214 n.72) using the Egyptian calendar makes no difference. 
However, I suspect that the error, if it is one, hes not with the scribes but with Ptolemy or even 
Hipparchus, and that possibly there is no error, but another method of counting which eludes us. 

‘* Literally “The true daily motion (6pdp0c) was the 241st’. Hipparchus is referring to a table of 
the true motion of the moon over 248 days (~ 9 anomalistic months), in which the moon was 
supposed to return to the same velocity. Such a table is extant on a cuneiform tablet, 
ACT no. 190 (III p. 131). If Hipparchus was using that table the motion on day 241 would be 13;30° 
or 13;31,10° (according to whether one starts at the beginning or goes in reverse from the end), i.e. 
close to the mean, as our passage requires. The historical interest of this passage has been missed 
because ‘241° has hitherto been interpreted as ‘degrees of anomaly’ (and hence ‘emended’, to ‘259’ 
by Manitius and to pé00¢, ‘mean’, by Halma). I think it likely that Hipparchus was the channel 
through which use of the 248-day lunar anomaly period was transmitted from Mesopotamia to the 
Greek world (e.g. Vettius Valens I 4-5, ed. Kroll 20-1, and P. Ryl. 27, on which see H4M4A 808 ff), 
ac to India (the Vakya system, see HAM.4 817 ff.) See provisionally Toomer [11] p. 108 
n.1 
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observation occurred 6% equinoctial hours before noon on the sixteenth, while 
8 9° was culminating. Thus in this case the time from epoch to the observation 
1S 


5 : A : 
619 Egyptian years 314 days| 176 equinoctial hours reckoned simply 


174 equinoctial hours reckoned accurately. !° 

For this moment we find from our hypotheses (since the meridian through 
Rhodes is the same as that through Alexandria):'® 

mean position of the sun: Maro27° 

true position of the sun: S28 20° 

mean position of the moon in longitude: 8  4;25° 

(thus the mean elongation was again nearly a quadrant) 
mean distance of the moon from the apogee of the epicycle in anomaly: 257;47° 
(which is again near the position of the maximum equation of the anomaly 
due to the epicycle). 
So the distance from the mean moon to the true sun is calculated as 93;55°. And 
the observed distance from the true moon to the true sun was 86;15°.!7 
Therefore the true position of the moon was greater than the mean, again by 75° 
instead of the 5° of the first hypothesis. And it is [further] evident, that of these 
two observations taken near the second quadrature, ours was found to be less 
than the position computed from the first anomaly by 23°, while Hipparchus’ 
was greater by the same amount, since the total equation of anomaly was 
subtractive at our observation and additive at Hipparchus’. 

From numerous other similar observations also we find that the greatest 
equation of anomaly is about 7§° when the epicycle is at the perigee of the 
eccentre. 


4. {On the ratio of the eccentricity of the moon’s circle} 


With this as a datum, let [Fig. 5.3] the moon’s eccentric circle be ABG on centre 
D and diameter ADG, on which E is taken as the centre of the ecliptic. Thus A is 
the apogee of the eccentre and G the perigee. On centre G draw the moon’s 
epicycle ZHO, draw E@B tangent to it, and join GO. 

Then since the greatest equation of anomaly occurs when the moon is at the 
epicycle tangent, and we have shown that this amounts to 73°, the angle at the 
centre of the ecliptic, 

7;40° where 4 right angles=360° 
AGED { 15;20°° where 2 right angles = 360°°. 


'5 Ax Neugebauer remarks, the equation of time for a solar longitude of 1) 8° should be-16 mins. 
rather than -5 mins. For this and other inaccuracies in Ptolemy’s computations see HAMA 92-3. 

16 In fact Rhodes is about 1.7° west of Alexandria. The notion that they lay on the same meridian 
was traditional: see Strabo 2.5.7, where the same meridian is supposed to pass through Meroe, 
Syene, Alexandria, Rhodes, the Troad, Byzantium and the Borysthenes. This is probably derived 
from Eratosthenes via Hipparchus. 

'7Note that Ptolemy takes only the distance observed by Hipparchus (86;15°) as accurate, and 
substitutes his own calculations of the positions of sun and moon for those observed (or calculated) by 


Hipparchus. 


H365 


H366 


H367 


226 V 4. Ratio of eccentricity of moon’s eccentre 


Therefore in the circle about right-angled triangle GEO 
arc GO = 15;20° 
and the corresponding chord 
GO ~ 16° where the hypotenuse GE = 120°. 
So, where GO, the radius of the epicycle, is, as was shown, 5;15° 
and EA, the distance from the centre of the ecliptic to the apogee of the 
eccentre, is 60°, 4 
EG, the distance from the centre of the ecliptic to the perigee of the eccentre, 
is 39;22°. 
Therefore, by addition, diameter AG = 99;22?, 
and DA, the radius of the eccentre = 49;41° 
and ED, the distance between the centres of the ecliptic and the eccentre = 
10;19.° 
Thus we have demonstrated the ratio of the eccentricity. 


A 


5. {On the ‘direction’ of the moon’s epicycle}'® 


As far as concerns the phenomena at syzygies and at quadrature positions of the 
moon, the preceding discussion would provide a full explanation of the 
hypotheses elucidating the circles of the moon described above. But from 
individual observations taken at distances of the moon [from the sun] when it is 
sickle-shaped or gibbous (which occur when the epicycle is between the apogee 


'8See HAMA 88-91, Pedersen 189-95. 
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and the perigee of the eccentre), we find that the moon has a peculiar 
characteristic associated with the direction’? in which the epicycle points. 
Every epicycle must, in general, possess a single, unchanging point defining the 
position of return of revolution on that epicycle. We call this point the ‘mean 
apogee’, and establish it as the beginning from which we count motion on the 
epicycle. Thus point Z on the previous figure [5.3] is such a point. It is defined, 
tor the position of the epicycle at apogee or perigee of its eccentre, by the straight 
line drawn through all the centres [of ecliptic, eccentre and epicycle] (DEG 
here). Now in all other hypotheses [involving epicycle on eccentre], we see 
absolutely nothing in the phenomena which would count against the following 
[model]: in other positions of the epicycle [outside apogee and perigee of the 
eccentre], the diameter of the epicycle through the above apogee, i.e. ZGH, 
always keeps the same position relative to the straight line which carries the 
epicycle centre round with uniform motion (here EG), and [thus] (as one would 
think appropriate) always points towards the centre of revolution, at which, 
furthermore, equal angles of uniform motion are traversed in equal times. In 
the case of the moon, however, the phenomena do not allow one to suppose that, 
for positions of the epicycle between A and G, diameter ZH points towards E, 
the centre of revolution, and keeps the same position relative to EG. We do 
indeed find that the direction in which [diameter ZH] points 1s a single, 
unchanging point on diameter AG, but that point is neither E, the centre of the 
ecliptic, nor D, the centre of the eccentre, but a point removed from E towards 
the perigee of the eccentre by an amount equal to DE. We shall show that this is 
sO, again, by setting out, from among the numerous [relevant] observations, two 
which are particularly suitable for illustrating our point, since the epicycle at 
these observations was at distances halfway [between apogee and perigee of the 
eccentre], and the moon was near apogee or perigee of the epicycle; for in these 
situations occur the greatest effects of the above direction [of the epicycle 
diameter]. 

Now Hipparchus records that he observed the sun and the moon with his 
instruments”? in Rhodes in the 197th year from the death of Alexander, 
Pharmouthi [VIII] 11 in the Egyptian calendar [-126 May 2], at the beginning 
of the second hour. He says that while the sun was sighted in 8 72°, the 
apparent position of the centre of the moon was 21 3°, and its true position 
was % 213 +3° fale ge) Therefore at the moment in question the distance of 
the true moon from the true sun was about 313;42°, { counting] towards the 
rear. Now the observation was made at the beginning of the second hour, about 
5 seasonal hours (which correspond to about 53 equinoctial hours in Rhodes on 


'9npdavevoic, used by Neugebauer and Pedersen as a technical term (‘prosneusis’) for this 
element of Ptolemy’s lunar theory. However, it is hardly that for Ptolemy, as he applies the word in 
many other contexts (see p. 43 n.38). 

20Tt is usually assumed that by this is meant an armillary sphere similar to that described by 
Ptolemy in V | (and often, that Hipparchus was the inventor of that instrument). That may be true, 
but the vague expression here certainly does not require it, and whether the data described below 
do is doubtful. I consider it possible that Hipparchus used a dioptra of the type described by Heron 
(‘Dioptra’, ed. Schéne, 187 ff.). 

21 On the correction for parallax made by Hipparchus here (which is fairly accurate) see HAMA 
92. 
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that date) before noon on the 11th. So the time from our epoch to the 
observation is 
183 equinoctial hours reckoned simply 
CERES) DURE) Sate days} 18 eee hours reckoned ees me 
For this moment we find: 
mean sun in §$ 6;41° 
true sun in 8 7;45° 
in 3€ 22;13° in longitude 
at 185;30° from mean apogee of epicycle in anomaly. 
Therefore the distance of the mean moon from the true sun was 314;28°. 
With these data, let [Fig. 5.4] the moon’s eccentric circle be ABG on centre D 
and diameter ADG, on which E represents the centre of the ecliptic. On centre 
B draw the moon’s epicycle, ZHO. Let the sense of motion of the epicycle be 
towards the rear from B towards A, and the sense of motion of the moon on the 
epicycle be from Z towards H and [then] ©. Join DB and EOBZ. 


mean meon { 


A 


Fig. 5.4 


Now in a mean [synodic] month occur two revolutions of the epicycle on the 
eccentre, and in the situation in question the elongation of mean moon from 
mean sun was 315;32°. So if we double the latter and subtract [the 360° of] a 
circle, we will get the elongation at that moment of the epicycle from the apogee 
of the eccentre, [counting] towards the rear: this is 271;4°. 

“. Z AEB = 88;56° (remainder [when 271;4° is subtracted] from 360°). 

So drop perpendicular DK from D on to EB. 

ea bee, where 4 right angles = 360° 
177;52°° where 2 right angles = 360°. 
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Therefore in the circle about right-angled triangle DEK, 
areiDK = 17752? 
and arc EK = 2;8° (supplement). 
Therefore the corresponding chords 
=~ 119-59? 
Pe re where hypotenuse DE = 120°. 

Therefore where DE, the distance between the centres, is 10;19° 

and DB, the radius of the eccentre, is 49;41?, 

DK © 10;19° also, 
and EK = 0;12?. 
But BK? = DB? - DK?. 
-. BK = 48;36° in the same units, 
and, by addition, BE[=BK + EK] = 48;48°. 
Again, since the distance of the mean moon from the true sun was found to be 
314;28°, and the distance of the true moon [from the true sun] was observed 
to be 313;42°, the equation of anomaly is -0;46°. Now the mean position 
of the moon is seen along the line EB. So let the moon be located at H (since 
it is near the perigee), join EH and BH, and drop perpendicular BL from B 
on to EH produced. Then, since Z BEL contains the moon’s equation of 
anomaly, 
/ BEL seas where 4 right angles = 360° 
1;32°° where 2 right angles = 360°. 
Therefore in the circle about right-angled triangle EBL, 
areBL = 1;32° 
and the corresponding chord 
BL = 1;36" where the hypotenuse EB = 120°. 
Therefore where BE = 48;48° and BH, the radius of the epicycle, is 5;15?, 


BL = 0;39?. 
Therefore where BH, the radius of the epicycle, is 120°, 
Blse=oll4i52? 


and, in the circle about right-angled triangle BHL, 
anc BL = 145)4° 
-- 2 BHL = 14;14°° where 2 right angles = 360°°, 
and, by subtraction _ ean where 2 right angles = 360°° 
[of Z BEL], Z EBH — | 6;21° where 4 right angles = 360°. 
That [6;21°], then, is the size of arc H© of the epicycle, which comprises the 
distance from the moon to the true perigee [of the epicycle]. 

But since the distance of the moon from the mean apogee at the time of the 
observation was 185;30° [p. 228], it is clear that the mean perigee is in advance 
of the moon, i.e. of point H. Let [the mean perigee] be point M, draw line BMN, 
and drop perpendicular EX on to it from point E. 

Then since, as was shown, 
arc OH = 6;21°, 
and arc HM, the distance from the perigee, is given as 5;30°, 
by addition, arc OM = 11;551°. 
11;51° where 4 right angles = 360° 
lets aoe where 2 mane mtcies 2560". 
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Therefore in the circle about right-angled triangle BEX, 
arc EX = 23;42° 
and EX = 24;39° where hypotenuse BE = 120°. 
Therefore where BE = 48;48° 
EX = 10;2?. 
Again, since [p. 228] 
= e fete) 
aa Fi ame where 2 right angles = 360°, 
by subtraction, Z ENB = 154;10°°. 
Therefore in the circle about right-angled triangle ENX, 
arc EX = 154;10° 
and EX = 116;58° where hypotenuse EN = 120°. 
Therefore where EX = 10;2? and DE, the distance between the 
centres, is 10;19°, 
EN: = 10;18%, 
Therefore the [radius of the epicycle] through the mean perigee, BM, points ina 
direction such that, when produced to N, it cuts off a line EN which 1s very 
nearly equal to DE. 

Similarly, in order to show that we get the same result at the opposite sides of 
eccentre and epicycle, we have again selected from the distances [between sun 
and moon] observed by Hipparchus, as already mentioned, in Rhodes, the 
observation he made in the same year [as the preceding one], being the 197th 
year from the death of Alexander, Payni [X] 17 in the Egyptian calendar 
(-126 July 7), at 93 hours. He says that while the sun was sighted at 2 10 19° the 
apparent position of the moon was {) 29°. And this was its true position too; for 
at Rhodes, near the end of Leo, about one hour past the meridian, the moon has 
no longitudinal! parallax.”? Therefore the distance of the true moon from the 
true sun at the time in question was 48;6° towards the rear. Now since the 
observation was 33 seasonal hours after noon on the 17th of Payni, which 
correspond to about 4 equinoctial hours in Rhodes on that date, the time from 
our epoch to the observation is 

‘ 4 equinoctial hours reckoned simply 
pe pane eae eee days 35 equinoctial hours reckoned accurately. 
For this moment we find: 
mean sun at 12;5° 
true sun at2 10;40° 
mean moon at) 27;20° in longitude 

(thus the distance of the mean moon from the true sun was 46;40°) 

mean moon at 333;12° in anomaly from the apogee of the epicycle.” 
With these data, let [Fig. 5.5] the moon’s eccentric circle be ABG on centre D 


2 For verification of this see HAMA 92. 

24 For 620°286°33" I find: A p = 147;7°, a = 333;1°. Since the differences from Ptolemy’s positions 
represent the lunar motion over about 20 mins., it is obvious that he has carelessly calculated the 
positions for 4 hours after noon, i.e, without making the correction for the equation of time, which 
he had given, correctly, as about 20 mins. This error has a not inconsiderable effect on the final 
result, which would not agree nearly so neatly if the computation were carried out with the above 
figures. 
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and diameter ADG, on which the centre of the ecliptic is represented by point 
E. About point B draw the moon’s epicycle, ZH@, and join DB, EOBZ. 
Then since twice the mean elongation of sun and moon is 90;30°, from the 
theory already established 
Z AEB = 90;30° where 4 right angles = 360° 
181°° where 2 right angles = 360°°. 
So if we produce BE and drop perpendicular DK on to it from D, 
Z DEK = 179°° (supplement). 
Therefore in the circle about right-angled triangle DEK 
are DK = 179° 
and arc EK = 1° (supplement). 
Therefore the corresponding chords 
DK = 119;59° 
and EK = _—1;3? 
Therefore where DE, the distance between the centres, is 10;19? 
and BD, the radius of the eccenter, is 49;41°, 


where hypotenuse DE = 120°. 


DK © 10;19° 
and EK = 0;5°. 
Now since BK? = BD? - DK?, 
BK = 48;36?, 


and, by subtraction [of EK], EB = 48;31?. 

Furthermore, since the distance of mean moon from true sun was found to be 
46:40°, and the distance of true moon [from true sun was observed as} 48;6°, the 
equation of anomaly is +1;26°. So let the position of the moon be at H (since it is 
near the apogee of the epicycle). Join EH, BH, and drop perpendicular BL from 
B on to EH. 
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Then since 
1;26° where 4 right angles = 360° 
ERE 2:52°° where 2 right angles = 360°°, 
in the circle about right-angled triangle BEL, 
arc BE = 292° 
and BL = 2:59? where hypotenuse EB = 120°. 
Therefore where EB = 48;31° and BH, the radius of the epicycle, is 5;15°, 
Bie 12", 
So in the circle about right-angled triangle BHL, 
BL = 27;34? where hypotenuse BH = 120°,”* 
and arc BL = 26;34°. 
-. Z BHL = 26;34°° where 2 right angles = 360°°, 
and, by addition [of Z BEL = 2;52°°], 
iis, oe where 2 right angles = 360°°. 
14;43° where 4 right angles = 360°. 
That [14;43°] is the size of the arc HZ of the epicycle, which comprises the 
distance from the moon to the true apogee. 

But since [the moon’s] distance from the mean apogee at the time of the 
observation was 333;12°, if we put the mean apogee at M, draw line MBN, and 
drop perpendicular EX on to it from E, then 

arc HZM = 26;48° (by subtraction [of 333;12°] from the circle), 
and, by subtraction [of arc HZ = 14;43°], arc ZM = 12;5°. 
, - _ J 12;5° where 4 right angles = 360° 
ae ce { 24;10°° where 2 right angles = 360°°. 

Therefore in the circle about right-angled triangle BEX 

arc EX = 24;10° 

and EX = 25;7° where hypotenuse BE = 120°. 
Therefore where BE = 48;31° and DE, the line between the centres, is 10;19°, 

EX = 10:87. 
Again, since Z AEB is given as 181°° where 2 right angles = 360°°, 
and we have shown that Z EBN = 24;10°°, 
by subtraction, Z ENB = 156;50°° in the same units, 

and, in the circle about right-angled triangle ENX, 

ANGIE = oOo 02 

and EX = 117;33° where hypotenuse EN = 120°. 
Therefore where EX = 10;8° and DE, the line between the centres, is 10;19?, 

EN = 10;20°. 

So from this calculation too it turns out that MB, [the radius of the epicycle] 
through M, the mean apogee, points in a direction such that, when produced to 
N, it cuts off a line EN approximately equal to DE, the distance between the 
centres. 

We also find that approximately the same ratio results by calculation froma 
number of other observations. Thus these observations confirm the peculiar 
characteristic of the direction of the epicycle in the hypothesis of the moon: the 


*41512 x 120/5;15 = 27;25,43. Ptolemy was obviously operating, not with the value 1:12, but with 
1;12,22 (which leads to 27;34,5), which is in fact what one finds from the immediately preceding 
calculation, 2;59 x 48;31/120. 
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[uniform] revolution of the centre of the epicycle takes place about E, the centre 
of the ecliptic, but the diameter of the epicycle which defines the unchanging 
point of the epicycle at which the mean epicyclic apogee is located points, not (as 
it does for the other [planets]}), towards E, the centre of mean motion, but 
always towards N, which is removed in the opposite direction [to D from E] by 
an amount equal to DE, the distance between the centres. 


6. {How the true position of the moon can be calculated geometrically from the periodic 
motions}®° 


Now that we have demonstrated the above, the appropriate sequel is to show 
how, for a particular position of the moon, given the amounts of the [various] 
mean motions, we can find from the amount of the elongation and of the moon’s 
[motion in anomaly] on the epicycle the amount due to the equation of anomaly 


which should be added to or subtracted from the mean motion in longitude. If 


one uses [strictly] geometrical] methods, the way to solve such a problem is via 
theorems similar to those already set out. 

Let us use the last of the above figures [5.5] as an example, and take as a basis 
of calculation the same periodic motions in elongation and anomaly, namely 

double elongation: 90;30° 

anomaly counted from the mean epicyclic apogee: 333;12°. 

[See Fig. 5.6.] We drop perpendicular NX (instead of EX) and perpen- 
dicular HL (instead of BL). Then, by the same computation as before [p. 231], 
since we are given 
[1] The angles at centre E; 

[2] hypotenuse DE and hypotenuse EN (which are equal), 
DK = NX © 10;19° 


A 


Fig. 5.6 
25 See HAMA 93, Pedersen 194-5. 
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where DB, the radius of the eccentre = 49;41° 
and BH, the radius of the epicycle = 5;15° 
and EKv=sExX =o. 
Hence, as shown before [p. 231] BK = 48;36° 
and similarly, [by subtractionof EK]BE = 48;31° 
and, by subtraction [of EX] BX = 48;26°. 
So, since BX? + XN? = BN?, 
BN = 49;31? where NX = 10;19°. 
Therefore, in the circle about right-angled triangle BNX, 
where hypotenuse BN = 120° 
NX = 25°, 
and arc NX = 24;3° 

; 24;3°° where 2 right angles = 360°° 

ON 12;1° (approximately) where 4 right angles = 360°. 
That [12;1°] is the size of the arc ZM of the epicycle. 

But since the distance of point H, representing the moon, from M, the mean 
apogee, is one revolution minus [the mean anomaly of 333;12°], i.e. 26;48°, 
by subtraction {of arc ZM from arc MH], arc HZ = 14;47°. 

7 HBZ = | 14;47° where 4 right angles = 360° 
29;34°° where 2 right angles = 360°° 
and, in the circle about right-angled triangle HBL, 
arc HL = 29;34° 
and arc LB = 150;26° (supplement). 
Therefore where hypotenuse BH = 120°, the corresponding chords 
HL = 30;37" and LB = Wig? 
Therefore where BH, the radius of the epicycle, is 5;15° 
and (as was shown) BE = 48;31°, 
HL = 1;20° and LB = 5;5?. 
Therefore, by addition, EBL = 53;36° where LH = 1;20°. 
And since EL? + LH? = EH? 
EH ~ 53;37° in the same units. 
Therefore in the circle about right-angled triangle EHL, 
where hypotenuse EH = 120°, 
HL = 2:50? 
and arc AIL = 22522; 
Therefore the equation of anomaly, 
_ J 2;52°° where 2 right angles = 360°° 
a. { 1;26° where 4 right angles = 360°. 
Ores: 


7. {Construction of a table for the complete lunar anomaly}?6 


In order again to provide a ready means of computing the individual additive 
or subtractive equations by setting out a table, we have supplemented the table 


26 See HAMA 93-5, Pedersen 195-202. 


V 7. Construction of lunar anomaly table 235 


for the simple hypothesis set out above [IV 10] with columns which enable one 
to correct easily for the second lunar anomaly. For this purpose we again used 
the same geometrical methods [as explained above]. After the first two columns 
containing the argument, we inserted a third column containing the equation 
to be added to or subtracted from the anomaly in order to reduce the mean 
motion counted from M [in Fig. 5.6], the mean apogee, to Z, the true apogee. 
[E.g.] above [p. 234], for the elongation of 90;30°, we showed that arc ZM is 
12;1°, and thus, since the distance of the moon from M, the mean apogee, was 
333;12°, we find that its distance from Z, the true apogee, was, obviously, 
345;13°, which we must use as argument for the epicyclic equation correcting 
the mean motion in longitude. In the same way, for other elongations, taken at 
intervals appropriate [for the table], we calculated the corresponding amount 
of the equation in question. We did this by the same method [as above], (to cut a 
long story short), and entered the amount corresponding to each [tabulated] 
argument in the third column. Of the succeeding columns, the fourth will 
contain the equations of the epicyclic anomaly (already set out in the previous 
table [IV 10]), where the maximum equation reaches approximately 5;1°, 
corresponding to the ratio 60: 5;15. The fifth column will contain the 
increments in the equations due to the second anomaly as compared with the 
first, in the situation where the maximum equation is 73°, corresponding to the 
ratio 60 : 8.27 Thus the fourth column is for the situation of the epicycle at the 
apogee of the eccentre (which occurs at the syzygies), and the fifth column is for 
the increments [to the equations] accruing from [the position of the epicycle]”*® 
at the perigee of the eccentre (which occurs at the quadratures). 

In order to enable one to find the proportion of these tabulated increments [in 
the fifth column] corresponding to a position of the epicycle in between those 
two locations [at apogee and perigee of the eccentre], we have added a sixth 
column. This contains, for each tabulated argument of elongation, the 
corresponding fraction (given in sixtieths) of the tabulated increment which 
must be added to the equation of anomaly tabulated in the fourth column. We 
have calculated these fractions in the following manner. 

[See Fig. 5.7.] Let the moon’s eccentre again be ABG on centre D and 
diameter ADG, on which E is taken as the centre of the ecliptic. Mark off arc 
AB, draw the epicycle, ZHOK, on centre B, and draw line EBZ. Let the 
elongation be given, e.g., as 60°. 

Hence by the same argument as before 

Z AEB = double the given elongation = 120°. 
Drop perpendicular DL from D onto BE produced, and draw HBKD. Suppose 
that the line from centre E to the moon, EMN, is tangent to the epicycle, 


21 The ratio is 39;22 (the distance from the earth to the perigee of the moon’s eccentre, p. 226) to 
5:15 (the radius of the moon’s epicycle). This is approximately equal © 60 : 8. 

8 Excising dv@padiac at H385,7. Heiberg’s text would have to mean ‘accruing from the anomaly 
which is produced at the perigee of the eccentre, at the quadratures’. Besides being an exceedingly 
clumsy expression, this ruins the parallelism of the sentence. It is obvious that Ptolemy intended to 
contrast the two different positions of the epicycle, at apogee and perigee of the eccentre (cf. tov 500 
tovotwv Gécewv, H385,8-9). tic (H385,6) refers to Gécewc (understood from above; for 


dmotedketoat used with Oéotc cf. H394,11-12). The interpolation of dv@padiag is the work of 


someone who looked for something for t7¢ to refer to, but misunderstood this. 
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Fig. 5.7 


producing a maximum equation of anomaly, and join BM. Then since 
120° where 4 right angles = 360° 

Brn Ge where 2 right angles = 360°°, 
Z DEL = 120°° (supplement). 

Therefore in the circle about right-angled triangle DEL, 
areDL = 120° 

and arc EL = 60° (supplement). 
So the corresponding chords 


P 
and DL iis: where hypotenuse DE = 120°. 
H387 Therefore where DE = 10;19 and DB = 49;41°, 
EL = 5;10° 
and DL = 8;56?. 
And, since BL? = BD? - DL?, 
BEL = 48;53°, 


and, by subtraction[ofEL], EB = 43;43°, 
where MB, the radius of the epicycle, is 5;15°. 
Therefore in the circle about right-angled triangle BEM, 
where hypotenuse EB = 120°, 
BM = 14;25° 
and arc BM = 13;48°. 
Therefore the maximum equation of anomaly, 
_ J 13;48°° where 2 right angles = 360°° 
peg { 6;54° where 4 right angles = 360°. 
Thus, at this distance in elongation, the equation of anomaly differed from 
the 5;1° [of maximum equation] at the apogee [of the eccentre]| by 1;53°. But the 
total difference [between maximum equation at apogee and] at perigee [of the 
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eccentre] is 2;39°. So, where the total diflerence is 60, 1,53° will be 42:38. This is 


the amount which we will put in the sixth column corresponding to 120° of 


{double} elongation. 

In exactly the same way we computed, for the other tabulated arguments, the 
fractions of the difference between the two maximum equations of anomaly, 
obtained in the above manner, and entered them, expressed in sixtieths of that 
difference, opposite the corresponding argument. It is obvious that the total 60 
[sixtieths] correspond to the double of 90° of elongation, which is at 180° of the 
eccentre, the location of the perigee. 

We also added a seventh column containing the position of the moon in 
latitude, on either side of the ecliptic, as measured along a circle through the 
poles of the ecliptic, i.e. the arc of the latter circle cut off between the ecliptic 
and the inclined circle of the moon on the same centre [as the ecliptic], for each 
[tabulated] position of the moon on its inclined circle. For this we have used the 


same procedure as we did to calculate the arcs of the circle through the poles of 


the equator [which are cut off] between the equator and the ecliptic [I 14]. 
Here, however, we took the arc between the ecliptic and the northern or 
southern limit of the inclined circle, as measured along the great circle through 
both their poles, as 5°. For, like Hipparchus, we find by calculation from the 
moon’s most northerly and southerly apparent positions that its greatest 
deviation either side of the ecliptic is approximately that amount.”? Further- 
more, almost all circumstances of observations of the moon, whether taken with 
respect to the stars, or taken with instruments, fit a maximum latitudinal 
deviation of that amount, as will become clear from subsequent demonstrations. 
The table of the complete lunar anomaly is as follows. 


8. {Table of the complete lunar anomaly}*® 
[See p. 238. ] 


9. {On the complete calculation of the moon’s position} 


So, whenever we choose to calculate the moon’s anomalistic position by means of 
the table set out, we take, for the moment in question at Alexandria, the mean 


29 The only details of an observation which confirm 1 ~ 5° for the lunar orbit are at V 12 p. stn 

© In general the entries in this table are correct to within +] in the second place. However, in col. 
3, arguments 123-9, 147-53 and 171-7 the error reaches — 3 or 4, possibly because of interpolation 
between computed values. In col. 5 the first 9 values (from arguments 6 to 54 inclusive) are all too 
big, and the first 7 of them fit a ratio (radius of epicycle : distance of epicycle centre) of .136 (instead of 
133 = 5:15 : 39:22 which Ptolemy’s text requires and which underlies all values from argument 60 
on). This could be derived from a distance of 38;36° or an epicycle radius of 5;21°, neither of which 
has any motivation. I cannot explain this discrepancy, but it is too consistent to be the result of mere 
inaccurate calculation. In col. 6 the calculation to two sexagesimal places gives a quite illusory 
accuracy, and Ptolemy’s results (for the second place) bear little relationship to what one gets with 
accurate calculation. However, this has a negligible effect on the accuracy of computations carried 
out with the table. In the Handy Tables Ptolemy quite properly tabulated only one place in this and 
the corresponding column in the planetary tables. 
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TABLE OF THE COMPLETE LUNAR ANOMALY 


3 5 
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motions of the moon in longitude, elongation, anomaly and latitude, in the way 
explained.*' Then we always, first, double the figure computed for the 
elongation, and (after subtracting 360°, if necessary), enter with this into the 
table of anomaly and take the corresponding amount in the third column. Ifthe 
double elongation is less than 180° we add the amount [in the third column] to 
the mean anomaly, but if the double elongation is greater than 180° we subtract 
the amount from the mean anomaly. We enter with the resulting true anomaly 
into the same table, and take the corresponding equation in the fourth column 
and also the corresponding increment in the fifth column, and write[both]down 
separately. Next we enter with the doubled mean elongation into the same 
table, take the sixtieths corresponding to it in the sixth column, multiply the 
increment which we wrote down separately by that number of sixtieths, and 
always add the result to the previously computed equation from the fourth 
column. If the true anomaly is less than 180°, we subtract this sum from the 
mean longitude and mean [argument of] latitude, but add it to them if the true 
anomaly is greater than 180°. Thus we have [two] numbers: we add the one for 
the longitude to the position [of the mean moon] at epoch: the result will be the 
true position of the moon. With the one for the [argument of] latitude, counted 
from the northern limit, we enter into the same table: the number correspond- 
ing to it in the seventh column will be the distance of the moon’s centre from the 
ecliptic, measured along the great circle through the poles of the ecliptic. If the 
argument falls within the first 15 lines, it will be to the north [of the ecliptic], but 


if it falls below the first 15 lines, it will be to the south. The first column of 


argument comprises the moon’s motion from north to south, and the second 
column its motion from south to north. 


10. {That the difference at the syzygies due to the moon’s eccentre is negligible}>" 


Now it is likely that some people will suspect that the moon’s eccentric circle 
might also have a considerable effect at conjunctions and oppositions and the 
eclipses occurring at them, since the centre of the epicycle does not always 
under all circumstances stand exactly at the apogee at those times, but can be 
removed from the apogee by an arc [of the eccentre] of considerable size, 
because location precisely at the apogee occurs at the mean syzygies, whereas 
the determination of true conjunction and opposition requires taking the 
anomalies of both luminaries into account. Therefore we shall try to show that 
this difference cannot produce any considerable error in [calculation of] the 
phenomenaat syzygies, even if the correction due to the eccentricity is not taken 
into account. 


3! Ptolemy has not in fact explained how to do this, but the essence of the procedure is the same as 
that explained for the sun at III 8. Note here, however, that the ‘mean motions’ in elongation, 
anomaly and latitude must include the epoch positions, whereas, according to the procedure in the 
text, the ‘mean motion in longitude’ does not include the epoch position, which ts added only at a 
later stage. For the procedure in general see HAMA 193-6, Pedersen 197-9 and, for a worked 
example, HAMA 96 or my Appendix A Example 9. 

See HAMA 98-9. 


H393 


H394 


H395 


H396 


240 V 10. Effect of second anomaly at true syzygy 


Let [Fig. 5.8]*? the moon’s eccentric circle be ABG on centre D and diameter 
ADG, on which the centre of the ecliptic is taken at point E, and the point of 
‘direction’ ,** opposite to D, as Z. Cut off arc AB from the apogee A, and draw 
the epicycle, HOKL, on centre B. Join BD, HBKE and BLZ. 

Now the size of the [equation of] anomaly can differ from that of the apogee 
situation of the epicycle (at A) in two ways: 

[1] because the epicycle is removed towards the perigee, the epicycle 
subtends a larger angle at E; 

{2] the direction in which the diameter through mean apogee and perigee [of 
the epicycle} points is no longer towards E but towards Z. 


G 


Figo.o 


The effect from the first factor is a maximum when the moon’s equation of 
anomaly is a maximum, while the effect of the second factor is a maximum 
when the moon is near the apogee or perigee of the epicycle. Hence it is clear 
that when the maximum effect of the first factor occurs, the effect of the second 
factor will be quite negligible, since the moon’s equation of anomaly hardly 
varies for a considerable distance either side of its situation on the tangent to the 
epicycle. However, [in this situation] the true syzygy can differ from the mean 
by the sum of the equations of the two luminaries, if one is additive and the other 
subtractive. On the other hand, when the maximum effect of the second factor, 
the difference due to the direction, occurs, then again the effect of the first factor 
is negligible, since the complete equation of anomaly is either zero or very small 
when the moon is near the apogee or perigee of the epicycle. But [in this case] 
the true syzygy will differ from the mean only by the sun’s equation of anomaly. 


' Fig. 5.8 is wrongly drawn in Heiberg’s text, where DO has been connected instead of the 
tangent EO. This is an error of Heiberg’s, unsupported by the mss., and corrected by Manitius. 
4 npdovevoic. See p. 227 n.19. 
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Let us suppose, then, that the sun has a maximum additive equation of 2;23°, 
and (first) that the moon too has a maximum (but subtractive) equation of 5;1°. 
Thus Z AEB contains twice the sum of the above, 7;24°, i.e. 14;48°. Draw EO 
from E tangent to the epicycle, and drop perpendicular B® on to it, and also 
perpendicular DM from D on to BE. Then since 

7 KER - { 14;48° where 4 right angles = 360° 
29;36°° where 2 right angles = 360°, 
in the circle about right-angled triangle DEM 
arc DM = 29;36° 
and arc EM = 150;24° (supplement). 
Therefore the corresponding chords 
DM = 030" 
and EM = 116;1° 
Therefore where DE, the distance between the centres, is 10;19?, 
and BD, the radius of the eccentre, is 49;41?, 


where hypotenuse DE = 120°. 


DM = 2;38? 
and EM = 9;59?. 
And since BM? = BD? - DM?, 
BM = 49;37?, 


and, by addition[ofEM], BME = 59;36°, 
where BO, the radius of the epicycle, is 5;15°. 
Therefore in the circle about right-angled triangle BEO, 
where hypotenuse EB = 120°, 
BO = 10;34?, 
and arc BO = 10;6°. 
Therefore the angle of the maximum equation of anomaly, 
10;6°° »where 2 right angles = 360°° 
ao: 5;3° where 4 right angles = 360°, 
instead of the 5;1° for the apogee position of the epicycle at A. 
Therefore the difference in the equation of anomaly due to this effect was found 
to be 2 sixtieths of a degree, which cannot produce an error of even as much as 
ith of an hour.” 

Next let the moon be at L, the mean perigee. Thus Z AEB will contain, 
approximately, only double the sun’s [maximum] equation of anomaly, namely 
4:46°. With a figure [5.9] similar [to the preceding], draw line EL, and drop 
perpendiculars LN (from L) and DM (from D) on to BE, and ZX from Z on to 
BE produced. Then, by the same kind of calculation as before, since the angle at 
E, 

4:46° where 4 right angles = 360° 
[6 Ae — where 2 right angles = 360°°, 
in the circles about right-angled triangles EDM and EZX, 
arc DM = arc ZX = 9;32° 
and arc EM = arc EX ='170;28° (supplements). 
*. Crd are Miea@rdiarc’ ZX = ey where hypotenuses DE and EZ 
and Crd arc ME = Crd arc EX = 119;35° = 120°. 


35 In the time of an eclipse. See p. 136 n.16. 
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Therefore where DE = EZ = 10;19° 
and DB, the radius of the eccentre, is 49;41°, 
DM = ZX = 0;51° 
and ME = EX = 10;17°. 
And since BM? = BD? - DM?, 
BM =~ 49:41". 
: BE = [BM + ME =] 59:58”, 
and, by addition [of EX], BX = 70;15” where ZX = 0;51?. 


G 


Fig. 5.9 


Therefore by the same argument, hypotenuse BZ [of triangle BZX] will be 
approximately the same size [as BX], 70;15°. 
And BZ:ZX = BL:LN and BZ:BX = BL:BN. 
Therefore where BL, the radius of the epicycle, is 5;15°, 
and BE, as was shown = 59;58°, 
LN = 0;4° and BN = 5;15?, 
and, by subtraction [of BN from BE], NE = 54;43° where LN = 0,4”. 

And since, from the preceding, hypotenuse EL [of triangle ELN] is not 
noticeably different from this amount ‘of 54;43°, it follows that, where 
hypotenuse EL = 120°, 

LN ~ 0;8°, 
and, in the circle about right-angled triangle ELN, 
arc LN = 0;8°. 
Therefore the difference in the moon’s position due to the direction towards Z, 
_ J 0;8°° where 2 right angles = 360°° 
ae ae where 4 right angles = 360°.*° 


*° Ptolemy’s final result is correct (to the nearest minute), but some of the intermediate results are 
inaccurate. E.g. just above in the computation of LN, 0;4 x 120/54;43 is much closer to 0:9 than to 
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Thus here too the difference in the moon’s equation of anomaly is [only] 4 
minutes of arc; and even this does not produce a significant error in the 
phenomena at the syzygies, since it cannot reach as much asgth of an hour, an 
amount one may expect to encounter frequently as a purely observational 
error. 

We made the above argumentation, not to show that one cannot take these 
differences into account, very small though they be, for the computation of 
syzygies too, but to show that we committed no noticeable error in our previous 
demonstrations using lunar eclipses when we used the [simple hypothesis], and 
not that supplemented by introducing the eccentre. 


11. {On the moon’s parallaxes\*" 


With the above we have about disposed of the [elements] necessary for finding 
the true positions of the moon. However, in the case of the moon there is the 
additional problem that its apparent position does not coincide with its true 
position, even to the senses. For, as we said [IV } p. 173}, the earth does not bear 
the ratio of a point to the distance of the moon’s sphere. Hence it is both 
necessary and appropriate to discuss the lunar parallaxes, especially in order to 
deal with the theory of solar eclipses, amongst other phenomena. By means of 
the lunar parallaxes it will be possible, given a true position [of the moon], [i.e. 
its position] with respect to the centre of the earth and of the ecliptic, to 
determine its position as seen from the standpoint of the observer, that is from 
some point on the earth’s surface, and, vice versa, to determine the true position 
from the apparent position. Now it is a feature of this kind of enquiry that one 
cannot find the amount of the parallax for individual situations unless one is 
first given the ratio of the distance [of the body to the earth’s radius], nor can 
one find the ratio of the distance without the parallax for some particular 
situation being given. Hence for those bodies with no perceptible parallax, 
namely, those to [the distance of] which the earth bears the ratio ofa point, it is, 
obviously, impossible to find the ratio of the distance. But in the case of those 
bodies, like the moon, which do exhibit a parallax, the only appropriate 
procedure is, first given some particular parallax, to find the ratio of the 
distance. For it is possible to make an observation of a [particular] parallax of 
this kind by itself, but quite impossible to determine the amount of the distance 
[by itself]. 

Now Hipparchus used the sun as the main basis of his examination of this 
problem. For since it follows from certain other characteristics of the sun and 
moon (which we shall discuss subsequently) that, given the distance to one of 
the luminaries, the distance to the other is also given, Hipparchus tries to 
demonstrate the moon’s distance by guessing at the sun’s. First he supposes that 
the sun has the least perceptible parallax, in order to find its distance, and then 


0;8. It looks as if he computed to two sexagesimal fractional places, and then fudged the results 


somewhat in the presentation. 
372QOn chs. 11 and 12 see HAAL4 100-1, Pedersen 203-4. 
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he uses the solar eclipse which he adduces; at one time he assumes that the sun 
has no perceptible parallax, at another that it has a parallax big enough [to be 
observed]. As a result the ratio of the moon’s distance came out different for him 
for each of the hypotheses he put forward; for it is altogether uncertain in the 
case of the sun, not only how great its parallax is, but even whether it has any 


parallax at all.”** 


12. {On the construction of a paraliactic instrument}”? 


We, in contrast, to avoid taking any uncertain factors into our examination of 
this topic, constructed an instrument to enable us to observe as accurately as 
possible the amount of the moon’s parallax, and its zenith distance, along the 
great circle through the poles of the horizon and the moon. 

We made two rods [Fig. G,1,2], rectangular [in cross-section], no less than 4 
cubits long, so as to admit finer graduation, and with a cross-section of sufficient 
size that they were not distorted because of their length, but each side 
conformed very strictly toa straight line. Then we drew a straight line along the 
middle of the broader side of each rod, and affixed to one of them [Fig. G,2], at 
each end, centred on the line, and perpendicular [to it], two rectangular plates, 
of equal size and parallel to each other [Fig. G,a,b]; each plate had an aperture 
exactly in the centre, the aperture at the eye being small, and that towards the 
moon being greater, in such a way that when one eye was placed at the plate 
with the smaller aperture, the whole of the moon would be visible through the 
aperture on the other plate, which was aligned [with the first aperture]. We 
made a perforation of equal size through both rods at the end of the median line 
near the plate with the larger hole, and fitted a peg [Fig. G,c] through both 
perforations in such a way that the sides of the rods inscribed with the lines*® 
were fastened together round the peg as a centre, but the rod with the plates 
could rotate freely in all directions without distortion. We wedged the rod with 
no plates on it [Fig. G,1] into a base [Fig. G,4]. On the median line of each rod, 
at the end by the base, we took a point as far as possible from the centre of the 
peg (the same distance from it [on both rods]), and, on the rod with the base, 
divided the line so defined into 60 sections, subdividing each section into as 
many subdivisions as possible. We also attached to the back of the same rod, at 
its end, [two] plates [Fig. G,d,d] having their corresponding faces aligned with 


*8 This passage is supplemented by Pappus’ commentary ad loc. (Rome[1] 167-8), which extracts 
some details of the two procedures of Hipparchus from Books | and 2 respectively of the latter’s ‘On 
sizes and distances’. For details of the important historical consequences which can be drawn see 
Toomer{9] (showing that the solar eclipse referred to is that of -189 Mar. 14), which builds on the 
work of Swerdlow, “Hipparchus’. 

“On the instrument described in this chapter (known in the middle ages as a ‘triquetrum’) see 
Price, ‘Precision Instruments’ 589-90 with Fig. 344. My Fig. G is based on the text of the Almagest 
rather than on the figure provided by Pappus in his commentary (Rome[1!]I p. 71, with a modern 
reconstruction; see also Rome’s notes on pp. 70-5). 

The faces of rods 1 and 2 inscribed with the lines cannot be flush with one another, as is clear 
from Fig. G. Ptolemy seems to mean only that one views the inscribed faces of the two rods as radii of 
a circle with centre peg c. 
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Qe 


Fig. G (part 1) 


Fig. G (part IT) 


each other,*’ and each being equidistant in all respects from that same median 
line, so that when a plumb-line was suspended between them, the rod could be 
set up exactly perpendicular to the plane of the horizon. We also had a meridian 
line [Fig. G,e] ready drawn in the plane parallel to that of the horizon in an 
unshaded place. We set the instrument upright in such a way that the sides of 


“1 Excising the words mpdc TH avtt ypappy at H404,17-18. That would mean ‘each having that 
face which was on the same side as the [graduated] line aligned with the other’. But this is 
impossible, since the plates are not to one side of the face with the graduations, but ‘on the back’, i.e. 
on the face opposite the graduated line. This is also clear from Pappus’ detailed description (Rome 
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the rods which were held flush with each other by the peg lay in the meridian, 
being parallel to the meridian line, and the rod with the base was fixed exactly 
perpendicular, in a firm znd immovable position, while the other rod could 
move in the plane of the meridian about the peg, responding to the pressure [of 
the user].*? We also added another thin, straight rod, [Fig. G,3] attached by a 
small pin [Fig. G,f] at the base end of the graduated line, so that it too could be 
rotated, and long enough to reach the end of the line on the other rod 
equidistant [from the peg] when it was rotated to its maximum distance [from 
the base];*’ thus by rotating it at the same time as the latter, one could use it to 
show the straight-line distance between the ends [of the centre-lines on the two 
rods]. 

We made our observations of the moon as follows. The moon had to be 
located on the meridian, and near the solstices on the ecliptic, since at such 
situations the great circle through the poles of the horizon and the centre of the 
moon very nearly coincides with the great circle through the poles of the 
ecliptic, along which the moon’s latitude is taken. Furthermore the true 
distance {of the moon] from the zenith can also be conveniently determined 
from the same situation. When the moon was precisely in the meridian, we 
moved the rod with the [sighting-] plates on it round to the position in which the 
centre of the moon, when sighted through both apertures, was in the centre of 
the larger aperture. We marked on the thin rod the distance between the ends of 
the lines on the [two] rods, then applied the distance {marked on the thin rod] to 
the line on the upright rod graduated into 60 sections. Thus we found the 
amount of that distance in those units of which the radius of the circle described 
by the rotation [of the rod with the sighting-plates] in the plane of the meridian 
contains 60. By calculating the arc corresponding to that chord, we found the 
angular distance of the apparent centre of the moon from the zenith, measured 
along the great circle through the poles of the horizon and the moon’s centre, 
which coincided at that moment with the [great circle] through the poles of the 
equator and the ecliptic, [i.e.] the meridian. 

In order, first, to determine the precise amount of the moon’s greatest 
deviation in latitude, we made sightings when the moon was simultaneously 


p. 75). mpdg th adti ypapp is a stupid gloss on émi te adt& pépn, which I have translated 
‘corresponding’, but which literally means ‘in the same direction’. The interpolation is old, since it 
is found in the Arabic tradition. 

Te. the peg held the rods together tightly enough so that rod 2 would not move under its own 
weight, but loosely enough so that it could be rotated by the user. 

This red has indeed to be ‘thin’, since it has to pass between the two rods I and 2, the faces of 
which are supposed to be flush. Pappus overcomes this difficulty by saying that rod 2 has to be 
hollowed out along its length to the depth of the thickness of rod 3 (Rome p. 73). There is the further 
dilficulty that according to Ptolemy’s instructions rod 3 has to be long enough to reach to the end of 
rod 2 at the maximum rotation, presumably 90°: hence its length should be (\/2 x length of the 
graduated line). But since one measures the chord of the zenith distance, not directly on rod 3, but 
by marking it on rod 3 and then measuring it on the scale on rod 1, no zenith distance greater than 
60° (the chord of which is 60°) can be measured. Hence, presumably, Pappus (p. 73) says that rod 3 
should be less than the length of the graduated line. Rome (p. 73 n.0) suggests that Ptolemy 
deliberately chose this limit to avoid the complications of refraction near the horizon. It seems more 
likely that it is simply a by-product of Ptolemy’s construction, and that Pappus’ shorteningoftherod 
was done to avoid the difficulties which would result from trying to apply rod 3 to the graduated line 
if it were 60° or more. 
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near the summer solstice and near the northern limit of its inclined circle. ** For 
in the region of those points the moon’s latitude remains sensibly the same over 
a considerable interval, and furthermore, since the moon is then very near the 
zenith at the parallel through Alexandria (at which we made our observations), 
its apparent position is approximately the same as its true position. At such 
situations it was found that the distance of the centre of the moon from the 
zenith was always about 28°. Hence by this method too the moon’s greatest 
latitude either side of the ecliptic is shown to be 5°. For the zenith distance of the 
equator at Alexandria has been shown to be 30;58°; if we subtract from this the 
25° (which is the apparent distance [of the centre of the moon from the zenith]), 
the result [28;502°] is about 5° greater than the distance from the equator to the 
summer solstice, which was shown to be 23;51°. 

Then, in order to attack the problem of the parallaxes, we observed the moon 
in the same way, but this time when it was near the winter solstice, both for the 
reason already mentioned [above] and because its distance from the zenith in 
that situation is the greatest of all such meridian positions, and thus provides us 
with a greater and more easily determinable parallax. We will set out one of a 
number of parallax observations which we made at such situations. By this 
means we shall display the method of calculation and at the same time provide a 
demonstration of the rest of what is to follow in the appropriate order. 


13. {Demonstration of the distances of the moon}* 


In the twentieth year of Hadrian, Athyr [IIT] 13 in the Egyptian calendar [135 
Oct. 1], 5é equinoctial hours after noon, just before sunset, we observed the 
moon when it was on the meridian. The apparent distance of its centre from the 
zenith, according to the instrument, was 5072°. For the distance [measured] on 
the thin rod was 5113 of the 60 subdivisions into which the radius of revolution 
had been divided, and a chord of that size subtends an arc of 5013°. Now the 
time from epoch in the first year of Nabonassar to the moment of the above 
observation is 


é inoctial hours reckoned simply 
882 Egyptian years 72 days ee P 


53 equinoctial hours reckoned accurately. 


For this moment we find: 


mean longitude of the sun: a= 751° 
true longitude of the sun: = 5;28° 
mean longitude of the moon: DVIS RS ota 
elongation: foo” 


distance [in anomaly] from mean apogee of epicycle: 262;20° 
distance in [argument of] latitude from the northern limit: 354;40°. 


44Since the revolution of the node takes place once in about 183 years, this situation occurs 93 
years earlier or later than the similar situation of the moon near the winter solstice, observed by 
Ptolemy (V 13) in Oct. 135. Therefore these observations were made either in the summer of 126, or 
in the spring of 145. This is the only useful conclusion that can be drawn from the confused 
discussion of Newton, 184-6. 

45 See HAMA 101-3, Pedersen 204-7. 
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Hence the complete equation of anomaly, derived from the appropriate table, 
was +7;26°, so that the true position of the moon at that moment was: 


in longitude: V 3;10° 
in [argument of] latitude on 
the inclined circle: 2;6° from the northern limit 


in latitude on the great circle 

through the poles of the ecliptic 

(which almost coincided at that 

moment with the meridian):*° 4;59° north of the ecliptic. 

Now lY 3;10° is 23;49° south of the equator on the same [meridian] circle, and 
the equator is, likewise, 30;58° south of the zenith at Alexandria. Therefore the 
true distance of the centre of the moon from the zenith was [23;49 + 30;58 - 
4:59 =] 49;48°. And its apparent distance was 50;55°. Therefore the moon’s 
parallax at the distance [of the moon from the earth] corresponding to the 
position in question was 1;7° along the great circle through the moon and the 
poles of the horizon, when its true distance from the zenith was 49;48°. 

Now that we have established that, draw [Fig. 5.10] in the plane of the great 
circle through the poles of the horizon and the moon the following great circles, 
on the same centre: 

that of the earth, AB; 

that through the centre of the moon at the [above] observation, GD; 

the great circle to which the earth bears the ratio of a point, EZHO. 


Fig. 5.10 


*°For the moon was almost at the winter solstice (cf. p. 247). 
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Let their common centre be K, and let the line through the points at the zenith 
be KAGE. Let us assume that the same distance of the moon, D, from the zenith 
at G is the amount already determined, 49;48°. Join KDH, ADO, and 
furthermore from point A, which represents the observer’s eye, draw AL as 
perpendicular to KB, and AZ as parallel to KH. 

Then it is obvious that for an observer at point A the moon’s parallax was arc 
HO. So arc H@ is 1;7°, according to the calculation from the observation. But 
since arc Z@ is negligibly greater than arc H© (for the whole earth bears the 
ratio of a point to circle EZHO), arc ZH is very nearly the same, 1;7°. And 
since, again, point A is negligibly different from the centre of circle ZO, 

_ 3 1;7° where 4 right angles = 360° 
as ee where 2 right angles = 360°. 
And 7 ADL = 2 ZAG = 214°. 
Therefore in the circle about right-angled triangle ADL, 
areeAL = 2:}4° 
and Crd arc AL = 2;21? where hypotenuse AD = 120?. 
But LD is negligibly smaller than AD. 
Therefore where LA = 2;21?, LD = 120°. 
Furthermore since, by hypothesis, arc GD = 49;48°, 
the angle at the centre of the circle, 
_ | 49;48° where 4 right angles = 360° 
— = tae where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle ALK 
arc AL = 99;36° 
and arc LK = 80;24° (supplement). 
Therefore the corresponding chords 
AL = 91;39? 
and LK = 77;27° 
Therefore where AK, the radius of the earth, is 1°, 
AL = 0;46° 
and KL = 0;39?. 
But where AL = 2;21?, LD, as was shown, = 120°. 
Therefore where AL = 0;46°, LD = 39;6°. 

And, in the same units, KL = 0;39°. 

and the radius of the earth, KA = 1’. 

Therefore where KA, the radius of the earth, is 1°, 

by addition, KLD, which represents the distance of the moon at the 
observation, is 39;45°.*” 

Now that we have demonstrated this, let [Fig. 5.11] the moon’s eccentre be 
ABG on centre D and diameter ADG, on which E is taken as the centre of the 
ecliptic, and Z as the point towards which [the mean apogee diameter of] the 
epicycle is directed. Draw the epicycle, HOKL, on point B, and join HBOE, BD 
and BKZ. Let L represent the position of the moon at the observation in 


where hypotenuse AK = 120°. 


47 There is an accumulated error here, due to a series of small inaccuracies and roundings. More 
accurate would be 39;50°. 
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question, and draw perpendiculars to BE, DM from D** and ZN from Z. 


Then since the amount of the elongation at the time of the observation was 
78;13° [p. 247], it follows from the theory previously established that 
Z AEB = 156;26° where 4 right angles = 360°; 


334° i les = 360° 
hence its supplement, Z ZEN=ZDEM = (os ee 


H414 47;8°° where 2 right angles = 360°°. 


A 


Therefore in the circles about the corresponding right-angled triangles, [ZEN, 
DEM], since DE = EZ, 
arc DM = arc ZN = 47;8° 
and arc EM = arc EN = 132;52° [supplements]. 
Therefore the corresponding chords 
ane ee : : at where hypotenuse DE = hypotenuse EZ = 120°. 
Therefore where DE = EZ = 10;19° and DB, the radius of the eccentre, 
is 49341, 
DM = ZN = 4;8° 
and EM = EN = 9;27?. 
And since BM? = BD? - DM?, 
BM = 49;31?. 
And BE = [BM - EM =] 40;4?, 
and, by subtraction [of EN from BE], BN = 30;37° where ZN = 4;8°. 
And since BN* + ZN? = BZ?, 
hypotenuse BZ = 30;54?. 


Heiberg rightly excised £xBAn@eToav (‘extended’) at H413,7 as an unnecessary gloss which 
disturbs the sentence structure. Transferring it after BE (as Halma and Manitius) is no 
improvement, since the perpendicular from Z is nof on the extension of BE. 
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Therefore in the circle about right-angled triangle BZN, 
where hypotenuse BZ = 120°, 


JAN = 1632? 
an@vare.ZN = 15:21°, 
_ J 15;21°° where 2 right angles = 360°° H415 
<2 ZN = : 
about 7;40° where 4 right angles = 360°. 


That [7;40°], then, is the size of arc OK of the epicycle. 

Next, the distance of the moon from the mean apogee of the epicycle at the 
moment of the observation was 262;20° [p. 247], and, obviously, its distance 
from K, the mean perigee, was 82;20° (by subtraction of a semi-circle). 

DhereforerarcK.L =082:20° 
and are OKL = [arc OK + arc KL =] 90;0°. 
So Z OBL is a right angle. 
i? = BL? + BB, 
and where DB, the radius of the eccentre, is 49;41? 
and BL, the radius of the epicycle, is 5;15?, 
EB, as we showed = 40;4?. 
“EL, = 40725". 
Therefore the distance of the moon at the observation is 40;25?, 
where BL, the radius of the epicycle, is 5;15° 
and where EA, the distance from the centre of the earth to the apogee of the 
eccentre, is 60°, 
and where EG, the distance from the centre of the earth to the perigee of the 
eccentre, is 39;22?. 

But we showed that the moon’s distance at the observation, that is EL, was 
39:45" where the radius of the earth is one. H416 
Therefore where EL, the distance of the moon at the observation, is 39;45°, and 
the earth’s radius is 1?, 

EA, the mean distance at the syzygies = 59;0°,* 

EG, the mean distance at the quadratures = 38;43°, 


and the radius of the epicycle = 5;10?. 
OD. 


14. {On the ratio of the apparent diameters of sun, moon and shadow at the syzygies}”° 


Now that we have demonstrated the distances of the moon in the above 
manner, the appropriate sequel is to demonstrate those of the sun as well. This 


49 This result for the moon’s mean distance agrees well with the facts (it is slightly greater than 60 
earth-radii), which means that Ptolemy’s parallax at syzygies (i.e. at solar eclipses) is fairly 
accurate. However, the process by which it is reached contains a number of errors (in the observed 
parallax, the latitude, the declination etc., and in the distance resulting from Ptolemy’s model), 
which ‘miraculously’ cancel each other out. For details see HAMA 102-3. This is no accident: 
Ptolemy knew (approximately) what the parallax had to be at eclipses, and chose an observation 
which produced that amount. For a suggestion that the figure of 59 earth-radii had already been 
derived by Hipparchus see Toomer[9] 131. 

0 The chapter heading is placed by most Greek mss. (and by Heiberg’s text) before H416, 20. I 
have transferred it here (before H416,9), following the Arabic mss. (cf. also D, which has it in the 
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too can readily be performed geometrically, if we are given, in addition to the 
distances of the moon at the syzygies, the sizes of the angles formed at the 
[observer’s] eye at the syzygies by the diameters of the sun, moon and shadow. 

Of the various methods used to solve the latter problem, we have rejected 
those claiming to measure the luminaries by measuring [the flow of] water or by 
the time [the bodies] take to rise at the equinox,”’ since such methods cannot 
provide an accurate result for the matter in hand. Instead, we too constructed 
the kind of dioptra which Hipparchus described, which uses a four-cubit tog 
and, observing with this, found that the sun’s diameter always subtends 
approximately the same angle, there being no noticeable difference due to {the 
variation in] its distance, but that the moon subtends the same angle as the sun 
only when it is at its greatest distance from the earth (i.e. the apogee of the 
epicycle) at full moon, in contradiction to the hypotheses of my predecessors, 
[who assumed that it subtends the same angle as the sun at full moon] when it is 
at mean distance.*? Furthermore, we find that the angles themselves are 
considerably smaller than those traditionally accepted.°* However our com- 
putation of the latter rests, not on measurement with the dioptra, but on certain 
lunar eclipses. For although it was possible to determine readily from the 
dioptra, as constructed, when both diameters subtend the same angle (since 
such a determination involves no actual measurement), the amount {of the angle 
subtended] seemed utterly dubious to us, since the measurement” involving the 
‘positioning of the width [of the plate] which covers [the body being sighted] on 


upper margin), as a more appropriate break. Cf, Introduction p. 5. On ch. 14 see HAMA 103-8, 
Pedersen 207-9 (with the corrections Toomer [3] 140, 143, 149). 

"According to Pappus ad loc. (Rome[]] I 87-9) ‘the more ancient astronomers’ used water- 
clocks to measure the time taken by the sun to cross the horizon, a procedure criticised by 
Hipparchus. He refers to a lost work of Heron, mepi bdpi@v @pooKkorEtwv, on which see also 
Proclus, Hypotyposis IV 73-6 (ed. Manitius p. 120-2). At H416,21 Heiberg rightly accents 
DdpopetpiGv (from the abstract bdpopetpia). There is no evidence for the existence of 
bdpopETpiov, ‘vessel for measuring flow of water’, conjectured by LSJ s.v. In the corresponding 
passage Proclus p. 120 line 14 we should read bdpodoyiav. Cf. also HAMA 103 n. 1. 

°?There are ancient descriptions of this instrument by Pappus in his commentary ad loc. 
(Rome[1] I 90-2) and by Proclus, Hypotyposis IV 87-96 (ed. Manitius pp. 126-30). See Price, 
‘Precision Instruments’ 591, and, for modern literature, HAMA 103 n.2. The essential feature is a 
plate (mpiopatiov, H417,22-3) which can be moved along a graduated rod until it appears to 
exactly cover the object being sighted by the eye placed at one end of the rod. 

°3 It was shown by Swerdlow, ‘Hipparchus’ 291-8, that Hipparchus was one of those who held 
this. An important consequence of this hypothesis is that annular solar eclipses become possible, 
whereas under Ptolemy’s assumption they are impossible. 

°* Hipparchus (see IV 9 p. 205) assumed that the moon at mean distance subtends a six hundred 
and fiftieth of its circle, or about 0;33,14°; hence his figure for the sun’s diameter was the same. 
Ptolemy (below) finds that when moon and sun have the same apparent diameter (at maximum 
distance) it is 0;31,20°, considerably smaller. This must be what he means here. However, his value 
for the lunar diameter at mean distance, 0;33,20°, is negligibly different from Hipparchus’. 

»* Excising mAciotns obons at H417,23, to which I can attach no meaning (it cannot mean ‘very 
laborious’, as Manitius translates, nor, if it could, would it be true). The variant mAeiotatc oboatc 
found in D, part of the Arabic tradition (L) and Pappus (Rome[1] I 93,21) can be translated 
(‘involving multiple positionings’), but it is not true that sighting the moon would require more 
than one positioning of the plate. Unless the corruption lies deeper (e.g. mAeiotNs has replaced a 
word meaning ‘delicate’) one must assume that tA€iotatc obcaicg was an inept gloss intended to 
explain why the process was inaccurate, and that this was corrupted to the unintelligible nAciotn¢ 
otons by attraction to napapetpnoeac. 
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the length of the rod running from the eye to the plate can be inaccurate. 
However, once it was determined that the moon is at its greatest distance when 
it subtends the same angle at the eye as the sun, we computed the size of the 
angle it subtends from observations of lunar eclipses in which the moon was 
near that [greatest] distance, and thence obtained immediately the size of the 
angle subtended by the sun. We shall explain the method of procedure in this by 
means of two of the eclipses used. 

In the fifth year of Nabopolassar, which is the 127th year from Nabonassar, 
Athyr [II] 27/28 in the Egyptian calendar [-620 Apr. 21/22], at the end of the 
eleventh hour in Babylon, the moon began to be eclipsed; the maximum 
obscuration was 4 of the diameter from the south. Now, since the beginning of 
the eclipse occurred 5 seasonal hours after midnight, and mid-eclipse about 6 
[seasonal hours after midnight], which correspond to 52 equinoctial hours 
at Babylon on that date (for the true position of the sun was °P 27;3°), it is 
clear that mid-eclipse, which is when the greatest part of the diameter is 
immersed in the shadow, occurred 5% equinoctial hours after midnight in 
Babylon, and exactly 5 [hours after midnight] at Alexandria.” 

The time from epoch is 
17 equinoctial hours reckoned simply 
16% equinoctial hours in mean solar days.*” 
Therefore the lunar position was as follows: 

mean position in longitude: = 25;32° 

true position in longitude: = 27;5° 
distance [in anomaly] from the apogee of the epicycle: 340;7° 
distance [in latitude] from the northern limit on the inclined circle: 80;40°. 

Thus it is clear that when the centre of the moon near its greatest distance is 
93° distant from the node, measured along its inclined circle, and the centre of 
the shadow lies on the great circle drawn through the moon’s centre at right 
angles to the inclined circle (which is the situation at which the greatest 
obscuration occurs), 4 of the moon’s diameter is immersed in the shadow. 

Again, in the seventh year of Kambyses, which is the 225th year from 
Nabonassar, Phamenoth [VII] 17/18 in the Egyptian calendar [-522 July 
16/17], 1 [equinoctial] hour before midnight at Babylon, the moon was eclipsed 
half its diameter from the north. Thus this eclipse occurred about 1 3 equinoctial 
hours before midnight at Alexandria.’® The time from epoch is 


126 Egyptian years 86 days 


°° Oppolzer no. 901: mid-eclipse 2;38 a.m. (~ 4}" after midnight at Alexandria), magnitude 1.6". 
P.V. Neugebauer, Spezieller Kanon, gives about 54" after midnight (Babylon) for mid-eclipse, 
magnitude 2.1. 

*7 The equation of time for a solar longitude of P 27° is about -20 mins. rather than - 15 mins. 

‘8Qppolzer no. 1056: mid-eclipse 21,0" (~ 11 p.m. Alexandria), magnitude 6.1°. P.V. 
Neugebauer gives mid-eclipse as ca. 23.6" Babylon, magnitude 6.1°. The time used by Ptolemy is 
clearly in error (although the computed positions of sun and moon must have seemed to him to 
confirm it), but the source of his error is too complicated to discuss here. The best treatment is in 
Britton[1] 81-4. For this eclipse (alone of those preserved in Almagest) there is also an extant 
cuneiform report (published by Kugler, SSB I p. 71). According to A. J. Sachs this text should be 
translated as follows: ‘Year VII, month IV, night of the fourteenth, 1¥ double hours in the night a 
“total” lunar eclipse took place [with only] a little remaining [uneclipsed]. The north wind blew’. 
Here the time agrees with modern computations (and disagrees with Ptolemy), but the magnitude 
disagrees with both. 
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106 equinoctial hours reckoned simply 
9 equinoctial hours reckoned accurately 
(for the position of the sun was & 18;12°). 

Therefore the lunar position was as follows: 

mean position in longitude: Vp 20;22° 

true position in longitude: Vp 18;149°°9 
distance [in anomaly] from the apogee of the epicycle: 28;5°° 
distance [in latitude] from the northern limit on the inclined circle: 262;12°. 
Hence it is clear that, when the centre of the moon, again near its greatest 
distance, is 73° from the node, as measured along its inclined circle, and the centre 
of the shadow has the same position relative to it as before, half of the moon’s 
diameter is immersed in the shadow. 

But, when the moon’s centre 1s 93° from the node along the inclined circle, it 1s 
483’ from the ecliptic along the great circle drawn through itat right angles tothe 
inclined circle [the orbit]; and when it is 73° from the node along the inclined 
circle, it is 403’ from the ecliptic along the great circle drawn through it at right 
angles to the inclined circle.*’ Therefore, since the difference between [the sizes 
of] the two eclipses comprises 4 of the moon’s diameter, and the difference 
between the above distances of the moon’s centre from the ecliptic (i.e. from the 
centre of the shadow) comprises [483 - 403 =] 7@’, it is obvious that the total 
diameter of the moon subtends a great circle arc of [4 x 73 =] 313’ 

From the same data it is easy to see that the radius of the shadow at the same 
greatest distance of the moon subtends 403’. For when the moon's centre was that 
distance [403’] from the centre of the shadow, it was touching the edge of the 
shadow’s circumference, because [in that situation] half of the moon’s diameter 
was eclipsed. This is negligibly less than 23 times the radius of the moon, which is 
153’. The values we derive for the above quantities from a number of similar 
observations are in agreement with these;®* hence we use them, both in other 
parts of the theory, concerning eclipses, and in the following demonstration of 
the solar distance, which will be along the same lines as that followed by 
Hipparchus. A further presupposition [ofthis demonstration] isthat the circles of 
sun, moon and earth enclosed by the cones are not noticeably less than great 
circles on their spheres, and the diameters too [not noticeably less than great 
circle diameters]. 


224 Egyptian years 196 days { 


* Possibly one should read 18;11° with D! (computed: 18;10). 

°° Ptolemy has made a computing error here: correct is @ = 27;54°. Obviously, he has computed 
(here only) for the uncorrected time of 10%". However, this has no serious consequences, since it is 
merely intended to show that the moon is near the apogee of the epicycle. The discrepancy in the 
true position (see n.59) cannot be explained by this error. 

*'On the computation of these amounts see HAAL 107. It seems probable that they were, 
properly, computed from a spherical triangle with the right angle at the moon’s orbit (rather than 
from a plane triangle or any of the other appr oximations suggested there). But the computations are 
inaccurate: Ptolemy should have found 483’ and 408’ respectively. For it computations with 
the moon at the perigee of the epicycle see VI 5 pp. 284-5. 

* Although Ptolemy’s procedure for finding the apparent diameters of moon and shadow is both 
elegant and theoretically correct, it suffers from serious practical disadvantages. On these, and the 
inaccuracies involved in his actual computations, see HAMA 106-8. 

6° Reference to VI 5-7 and VI It. 

** Le. in Fig. 5.12 the cones from points N and X enclosing the spheres of sun (ABG), moon (EZH) 
and earth (KLM) have bases (the circles on AG, EH and KM) which are not sensibly less than great 
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15. {On the distance of the sun and other consequences of the demonstration of that}® 


Now, given the above, and given that the greatest distance of the moon at the 
syzygies ts 64;10 units where the earth’s radius is | (for we showed [p. 251 ] that its 
mean distance is 59 of those units, and the radius of the epicyle 5;10), let usseethe 
size of the sun’s distance which results. 
[See Fig. 5.12.] Let there be the following great circles of the{ various] spherical 
bodies lying in the same plane: circle ABG ofthe sun’s, on centre D, circle EZH of 
the moon’s at its greatest distance, on centre ©, circle KLM of the earth’s, on 
centre N. Let AXG be the plane through the centres [in the tangent cone] 
enclosing earth and sun, and ANG the plane through the centres [in the tangent 
cone] enclosing sun and moon, with DONX as common axis. Let the straight 
lines through the points of tangency, whichare, obviously, parallel to each other, 
and sensibly equal to diameters, be ADG on the sun’s circle, EQH onthe moon’s 
circle, KNM on the earth’s circle, and OPR on the circle of the shadow in which H423 
the moon is immersed at its greatest distance (thus ON equals NP, and each of 
them is 64;10 units where NL, the earth’s radius, is 1). 
Then we have to find the ratio between ND, the distance of the sun, and NL, 
the earth’s radius. 
Produce EH to [meet XG at] S. 
Since we demonstrated [p. 254] that the moon’s diameter at the distance in 
question, namely the greatest distance in the syzygies, subtends 0;31,20° of the 
circle drawn through the moon about the earth’s centre, 
ZENH = 0;31,20° where 4 right angles = 360°, H424 
and Z @NH = 3 Z ENH = 0;31,20°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle NHO, 
arc OH = 0;31,20° 
and arc ON = 179;28,40° (supplement). 
Therefore the corresponding chords 
: p 
ie _ where diameter NH = 120°. 
Therefore where N© = 64;10, OH = 0;17,33. 
And NM, the radius of the earth, is 1 in the same units. 
But PR:OH © 2;36 : 1 [p. 254]. 
”. PR = 0;45,38 in the same units. 
7 OF eR = 1:5,01 where NX = |. 
But PR + OS = 2, since PR + OS = 2NM 
(for, as we said, all [three] are parallel, and NP = NO). 
Therefore, by subtraction [of (PR + OH) from (PR + OS)], 
HS = 0;56,49 where NM = I. H425 
And NM:HS = NG:HG = ND:OD. 


circles in those spheres: thus AG, EH and KM can be treated as diameters of the spheres, This 
simplifying approximation is fully justified by the magnitude of the distances of the bodies 
compared with their diameters. 

65 On chs. 15 and 16 see HAMA 109-12, Pedersen 209-13. 
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Therefore where ND = 1, D® = 0;56,49, and, by subtraction, ON = 0;3,11. 
Therefore where NO = 64;10 and NM = 1, 
the sun’s distance, ND ~ 1210. 
Similarly, as we showed, PR = 0;45,38 where NM = 6 
and NM:PR = NX: XP. 
Therefore where NX = 1, XP = 0;45,38 
and, by subtraction, PN = 0;14,22. 
Therefore where PN = 64;10 and NM, the earth’s radius, = 1 
HP = 203-50, 
and, by addition, XN = 268. 
Therefore we have calculated that where the earth’s radius is ] 
the mean distance of the moon at the syzygies is 59 
the distance of the sun is 1210 
and the distance from the centre of the earth to the apex of the shadow cone is 


268. 


% 


16. {On the sizes of sun, moon and earth} 


The ratios of the volumes of the bodies are immediately derivable from the 
ratios of the diameters of sun, moon and earth. 
For, since we have shown that, where NM, the earth’s radius, is 1, 
the moon’s radius, OH = 0;17,33 
and NO = 64;10, 
and since NO:QH = ND:DG, 
and ND was shown to be 1210 in the same units, 
the radius of the sun, DG ~ 53 in the same units. 
So the diameters will have the same ratios. 
Therefore where the moon’s diameter is 1, the earth’s diameter will be about 35, 
and the sun’s 183. 
Therefore the earth’s diameter is 3% times the moon’s 
and the sun’s diameter is 183 times the moon’s 
and 55 times the earth’s. 
And, using the same numbers, 
since 1? = }, 
and 33° = 393, 
and 1833~ 66443, 
we conclude that, where the moon’s volume is 1, 
the earth’s volume is 394 and the sun’s 66443. 
Therefore the sun’s volume is about 170 times that of the earth.” 


66 There is no point in estimating the relative volumes of the bodies, but it was evidently 
traditional in Greek astronomy, for Theon of Smyrna (ed. Hiller p. 197) and Calcidius (ed. Waszink 
p. 143) quote from Hipparchus’ work on sizes and distances the statement that the sun is 1880 times 
the size of the earth and the earth 27 times the size of the moon; these ratios plainly refer to relative 
volumes. In his Planetary Hypotheses (ed. Goldstein p. 9) Ptolemy gives the volumes of all the planets 
relative to the earth. 
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17. {On the individual parallaxes of sun and moon}*"' 


With the above as basis, the next problem is to demonstrate, again briefly, how 
one may calculate the individual parallaxes of sun and moon from the amount 
of their distances. First [we deal with] the parallaxes with respect to the great 
circle drawn through the zenith and the body.” 

[See Fig. 5.13.] In the plane of that great circle, then, let the great circle 
representing the [surface of the] earth again [as in Fig. 5.10] be AB, the great 
circle representing the [position of the] sun or moon GD, and the great circle to 
which the earth bears the ratio of a point EZHO. Let K be the centre of all 


Fig, 5.13 


[these circles], and KAGE the diameter through the zenith. Cut off from the 
zenith point G arc GD; let it be, e.g., 30°, and again draw KDH and AD®, from 
A draw AZ parallel to KH, and drop perpendicular AL on to KH. 

Now neither of the luminaries always remains at the same distance. But the 
resulting difference in the sun’s parallaxes will be very small and imperceptible, 
since the eccentricity of its circle is small, and its distance great. For the moon, 
however, the resulting difference will be very perceptible, both because of its 


87 See HAMA 112-15, Pedersen 213-17. 


**In contrast to the longitudinal and latitudinal components of this ‘total’ parallax: these are 
dealt with in V 19. 
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motion on the epicycle and because of the motion of the epicycle on the 
eccentre, each of which produces quite a large difference in the distance. 
Therefore we shall demonstrate the solar parallaxes for a single ratio, namely 
1210:1, but we shall demonstrate the lunar parallaxes for the four ratios which 
will be most convenient for the methods we shall subsequently develop. The 
four distances we have chosen are as follows: 
The first two are 

[1] when the epicycle is at the apogee of the eccentre, 

[a] the distance to the apogee of the epicycle, which we concluded from our 
previous demonstration [p. 255] to be 64;10 earth-radii; 

[b] the distance to the perigee of the epicycle, which we compute to be 
[59;0 - 5;10 =] 53;50 earth-radii. 

The second two are 
[2] when the epicycle is at the perigee of the eccentre, 

[a] the distance to the apogee of the epicycle, which we concluded from our 
previous demonstration [p. 251] to be [38;43 + 5;10 =] 43;53 earth- 
radii; 

[b] the distance to the perigee of the epicycle, which we compute as 
[38;43 - 5;10 =] 33;33 earth-radii. 

Then, since arc GD = 30°, by hypothesis, 
/ GKD - be where 4 right angles = 360° 
60°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle AKL 
arc AL. = 60% 
and arc KL = 120° (supplement). 
Therefore the corresponding chords 
Sacre AL =a | where diameter AK = 120°. 
Therefore where AK = 1°, AL = 0;30° and KL = 0;52°. 
And, in the same units, 
1210? for the sun’s distance 


64:10" for the moon’s first limit [la] 
KLD — = 4 53;50° for the moon’s second limit [1b] 
43;53° for the moon’s third limit [2a] 
33;33° for the moon’s fourth limit [2b]. 


And, by subtraction, LD [=> KLD - KL], which is the same as AD, since the 
difference is imperceptible. 
1209;8" for the sun’s distance 


63;18° for the moon’s first limit [la] 
“. AD — = 52;58° for the moon’s second limit [1b] 
43;1° for the moon’s third limit [2a] 
32;41° for the moon’s fourth limit [2b]. 


Therefore, where hypotenuse AD = 120°, then (assuming the same order, to 
avoid repetition) 
[Sun] [Moon] 
[la] [1b] [2a] [2b] 
AL= 0;2359  0356,52" 1;7,58° 1;2341" 1;5019". 
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Therefore in the circle about right-angled triangle DLA® 


arc Ala = 0:2550° 0;54,18° 1;4,54° about 1;20° about 1;45°. 
“ Z ADB’= YORs0"  Opayier’ 145429 le2oe? 1345°° 
Z ZAO = where 2 right angles = 360°° 


OrF;29° U2 0332.22 0;40°”° 0;52,30° 
where 4 right angles = 360° . 
So, since point A is negligibly different from centre K, and arc ZHO is 
negligibly greater than arc HO (for the whole earth has the ratio of a point to 
circle EZH®O), in circle EZHO, the arc of the parallax 
0;1,25° for the sun’s distance 
0;27,9° for the moon’s first limit 
arc HO =,4 0;32,27° for the moon’s second limit 
0;40° for the moon’s third limit 
0;52,30° for the moon’s fourth limit. 
Ose. D. 

In the same way we calculated the parallaxes for the other zenith distances (at 
intervals of 6° up to the 90° of the quadrant) at each limit, and constructed a 
table to determine the parallaxes. The table has, again, 45 lines, and 9 columns. 
In the first column we put the 90 degrees of the quadrant, tabulating them, 
obviously, at two-degree intervals; in the second column we put the minutes of 
solar parallax corresponding to each argument, in the third column the lunar 
parallax at the first limit; in the fourth column the increment in the [lunar] 
parallax at the second limit over the first limit; in the fifth column the [lunar] 
parallax at the third limit; and in the sixth the increment in the [lunar] parallax 
at the fourth limit over the third limit. Thus, for example, for an argument of 
30° we put 0;1,25° for the sun, then 0;27,9° for the first limit of the moon; next 
0;5,18°, which is the increment of the second limit over the first; then 0;40°, for 
the third limit, and next 0;12,30°, which is the increment of the fourth limit over 
the third. 

We needed to provide a convenient method of calculating the parallax 
(corresponding to the appropriate argument) for distances [of the moon] at 
intermediate positions between apogee and perigee [of eccentre and epicycle] 
from the parallaxes tabulated at the above four limits, using minutes [of 
interpolation]. To this end we added the remaining three columns, to account 
for those differences. We calculated these columns in the following manner. 

Let [Fig. 5.14] the moon’s epicycle be ABGD on centre E, and let Z be the 
centre of the ecliptic and the earth. Join [ZE with line] AEDZ, draw ZGB, join 
BE, GE, and drop perpendiculars on to AD, BH from B, and GO from G. Let us 
suppose, first, that arc AB, the moon’s distance from A, the true apogee [of the 
epicycle] as taken with respect to centre Z, is, e.g. 60°. 

: _ J 60° where 4 right angles = 360° 
ee 120°° where 2 right angles = 360°°. 


*’From here on Ptolemy drastically rounds his computations for the moon’s third and fourth 
limits. His rationale, no doubt, is that in computing solar eclipses (for which the parallax table is 
principally designed) the moon is by definition near the apogee of the eccentre, and hence there is 
no use for the third and fourth limits. Cf. p. 264 n.73. 

” Reading o ff (with D,Ar) for o ft o (0;40,0) at H431,4 and at H431,13. 
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Therefore in the circle about right-angled triangle BEH 
areBH =11'20° 
and arc EH = 60° (supplement). 
Therefore the corresponding chords 
sa : p 
Be oe, i where diameter EB = 120°. 
But when centre E of the epicycle is at the apogee of the eccentre, 
ZeeeB =i60 = 5:15. 
Therefore, where EB = 5;15°, 
BH = 4;33° 
Eiie= 2:58" 
and, by addition [of EH to EZ}, HEZ = 62;38?. 
And ZB? = ZH? + HB’. 
-. ZB = 62;48", where 
the distance of the first limit, ZA = 65;15? 
the distance of the second limit, ZD = 54;45° 
and the difference between the two limits, AD = 10;30°. 
Therefore the difference at B with respect to the first limit is [65;15 - 
62;48 =] 2;27° where the total difference is 10;30°. Therefore where the total 
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difference is 60°, the difference at B will be 14;0°. This [14;0], then, is the 


amount which we shall enter in the seventh column on the line [corresponding 
to the argument] of half of the number 60, namely 30. The reason for this is that 
the 90 degrees comprised in the first column of the table contain half of the 180 
degrees from A to D.”! 

By the same reasoning, if we suppose arc GD to be the same size [as arc AB 

above], 60°, it will be shown that ; 
39? 

- ae ie where radius EG = 5;15° 
Hence, by subtraction [of EO from ZE], ZO = 57;22°. 
By thesame reasoning[as above], hypotenuse ZG = [\/ 57322? + 4;33? =] 57;33°. 
We again subtract this from the 65;15° of the first limit, and find that the result, 
7;42°, is 44;0 sixtieths of the total difference. This is what we shall enter in the same 
[seventh] column opposite the argument 60, since arc ABG = 120°. 

With the same arcs [AB and GD] as basis, let us suppose that centre E is at the 
perigee of the eccentre, which is the position defining the third and fourth limits. 
In this position 

ZENER) = 60:8." 
Therefore where BE = 8°, and assuming botharc ABand arc GD as60°, 
= = 6:56" 
din - oS a where ZB 
-. ZH = [ZE + EH =} 64° 
and Z® = [ZE - EH =] 56°, 
so, by the same reasoning [as above] 
hypotenuse ZB = [\/ ZH’ + BH? =] 64;23° 
and hypotenuse ZG = [\/ ZO? + GO? =] 56;26°, 
where the [distance of] the third limit, ZA = 68°, 
and the difference between the third and fourth limits, AD = 16°. 
And 68° — 64:23" = 3;37°, which is 13;33 sixtieths of the total difference, 16°. 
We enter this amount [13;33] in the eighth column opposite the argument 30, in 
the same way as before. 

Also, 68° — 56;26° = 11;34°, which is 43;24 sixtieths of the total difference 
16°. This amount we enter, similarly, in the eighth column opposite the 
argument 60. 

That, then, is the way we shall set out the corrections computed for the 
motion of the moon on the epicycle. The corrections for the motion of the 
epicycle on the eccentre will be derived as follows. 

Let [Fig. 5.15] the moon’s eccentre be ABGD on centre E and diameter AEG, 
on which Z is taken as the centre of the ecliptic. Draw BZD, and let angles AZB 
and GZD both, again, be taken as 60°. These situations occur at elongations of 
30° (when the centre of the epicycle is at B), and 120° (when the centre of the 
epicycle is at D). Join BE, ED, and drop perpendicular EH from E on to BZD. 


a 


™ The main part of Table V 18 (cols. 2 to 6) is a function of the zenith distance, which varies 
between 0° and 90°. The interpolation columns 7 and 8, however, are a function of the anomaly a, 
which varies between 0° and 180°. In order to use the same argument column for both, Ptolemy 
tabulates cols. 7 and 8 as a function of 3a. 


2Ch V7 p. 235. 
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Fig. 9.15 


Then, since Z BZA = 120°° where 2 right angles = 360°°, 
in the circle about right-angled triangle EZH, 
ase Iii = 120° 
and arc ZH = 60° (supplement). 

Therefore the corresponding chords 
BRe103955° \ 
and HZ = 60° 

Therefore where the distance between the centres, EZ = 10;19° 

and the radius of the eccentre is 49;41?, 

BHr=0866° 
and ZH = 5;10°. 
And since BH? = BE? - EH?, 
BH = DH = 48;53° in the same units. 

Therefore, by addition [ of ZH to BH], ZB = 54;3°, 

and, by subtraction [of ZH from DH], ZD = 43;43° 

where [the distance for] the first [two] limits, ZA = 60° 

{the distance for] last [two] limits, ZG = 39;22° 

and the difference between them = 20;38°. 

Now 60° — 54;3? = 5;57°, which is 17;18 sixtieths of the total difference of 

20;38°: 

and 60° — 43;43° = 16;17°, which is 47;21 sixtieths of the total difference of 

20;38°. 

Therefore, obviously, we shall enter 17,18 in the ninth column opposite the 

argument 30° of elongation, and 47,21 opposite 120°, 1.e. again opposite 60°; 

for, since the perigee [of the eccentre] lies at 90° [of elongation], an elongation of 
60° is equivalent in distance to an elongation of 120°. 


where hypotenuse EZ = 120?. 
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In the same way we calculated the minutes (of coefficient of interpolation] for 
the differences over the three intervals in question for the other arcs. We 
performed the calculation at intervals of 12°, which corresponds to 6° in the 
arguments in the table, since the 180° from apogee [of the epicycle or eccentre] 
to perigee correspond to the 90° of [the argument column in] the table. We 
entered these minutes, calculated geometrically, opposite the appropriate 
argument. We derived the entries for the intermediate arguments by linear 
interpolation over the six-degree intervals: for the difference between the results 
so derived and [accurate] geometrical calculation is negligible over such a short 
interval, both for the minutes and for the actual parallaxes. 

The table is as follows. 


18. {Parallax Table}”* 


[See p. 265.] 


19. {On the determination of the parallaxes}"* 


So, when we decide to determine the amount of the moon’s parallax at any 


‘given [lunar] position, (first) with respect to the great circle drawn through the 


moon and the zenith, we examine its distance (in equinoctial hours) from the 
meridian at the latitude in question. With the distance found as argument, we 
enter the Table of Angles [IT 13] for the appropriate latitude and zodiacal sign, 
and take the amount in degrees in the second column corresponding to the 
hour, interpolating between integer hours if necessary.’? This gives us the 
distance of the moon from the zenith, measured along the great circle joining 
the two. With this as argument, we enter the Table of Parallaxes [V 18], 
determine on which line in the first column the argument is to be found, and 
taking the numbers corresponding to this in the four columns following the 
column of solar parallaxes, namely the third, fourth, fifth and sixth columns, 
write each one down separately. Then we take the corrected anomaly (i.e. with 
respect to the true apogee [of the epicycle]) at that moment: [if it is less than 
180°,] we take the anomaly itself, but if it is greater than 180°, we take (360° 
minus anomaly); we always halve the amount so obtained, and, entering with 
this into the same [column of] arguments, determine the number of minutes 
corresponding to it in both the seventh and eighth columns separately. We take 
the minutes found from the seventh column, multiply them into the difference 


™ As Ptolemy says (pp. 260 and 264), the entries in this table are calculated at every 6° of 
argument (i.e. every third entry), the intermediate values being derived by linear interpolation. 
Note that the values for the third and fourth limits (cols. 5 and 6), though tabulated to 3 significant 
places, are in fact calculated to only 2 places (for the reason see p. 260 n.69): the calculated values 
(for args. 6°, 12° etc.) always end in 0 or 30. They are therefore rather inaccurate. 
. pee to Heiberg: H443,41, entry in col. 9 for arg. 72°, read ve xa (with D,Ar) for ve pa 
Doli): 

™See HAMA 114-17, Pedersen 217-19. 

” Literally ‘either in foto, or the amount proportional to the fraction of an hour’. 
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PARALLAX TABLE 
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found from the fourth column, and (always) add the result to the parallax from 
the third column. [Likewise] we take the minutes found from the eighth 
column, multiply them into the difference found from the sixth column, and 
again (always) add the result to the parallax from the fifth column. Thus we 
have obtained two parallaxes; we take the difference between these and write it 
down. Next we take the mean elongation of the moon from the sun, or else the 
mean elongation of the moon from the point opposite the [mean] sun, 
whichever of these two distances is the lesser,’’ and entering with this too into 
the arguments in the first column, take the minutes corresponding to it in the 
ninth and last column. We multiply these into the difference between the two 
parallaxes which we wrote down, and (always) add the result to the smaller 
(that is, the one derived from the third and fourth columns). This sum will give 
us the moon’s parallax as measured along the great circle through the moon and 
the zenith. 

The sun’s parallax for a similar situation [i.e. as measured along an altitude 
circle] is immediately determined, in a simple fashion, (for solar eclipses), from 
the number in the second column corresponding to the size of the arc from the 
zenith [to the sun].”” 

Now, in order to determine the parallax with respect to the ecliptic, in both 
longitude and latitude, at the given time, we again enter, with the same dis- 


_tance of the moon from the meridian in equinoctial hours [as before], into the 
‘same part of the Table of Angles [II 13], and take the number of degrees 


corresponding to that hour, in the third column if the moon is to the east of the 
meridian, or in the fourth column ifit is to the west of the meridian. We examine 
the result, and if it is less than 90° we write down the number itself; but if it is 
greater than 90°, we write down its supplement, since that will be the size in 
degrees of the lesser of the two angles at the intersection [of ecliptic and altitude 
circle] in question. We double the number written down, and enter with this 
[doubled] number, and also with its supplement, into the Table of Chords 
[I 11]. The ratio of the chord of the doubled number to the chord of the 
supplement will give the ratio of the latitudinal parallax to the longitudinal 
parallax (for circular arcs of such small size are not noticeably different from 
straight lines). So we multiply the amounts of the chords in question by the 
parallax determined with respect to the altitude circle, and divide the products, 
each separately, by 120. The results of the division give us the separate 
components of the parallax. The following general rules apply. 

For the latitudinal parallax, when the zenith is to the north of the point of the 
ecliptic then culminating, on the meridian, the [effect of the] parallax will be 
towards the south of it [the ecliptic]; but when the zenith is to the south of the 
culminating point, [the effect of] the parallax in latitude will be towards the 
north. 

For the longitudinal parallax: the angles tabulated in the Table [II 13] 
represent the northernmost of the two angles cut off to the rear of the intersection 


”®T.e. (see HAMA 114) we take as argument 4 ‘(which cannot exceed 90°), derived from the mean 
elongation jj according to the rules 0=7= =90:n '=7; 9057 = 180: yn ‘ =180-7; 180<4 = 270: 
= 18055270 == 360r ye 60m. 

"For a parallax computation see Appendix A, Example 10. 
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of ecliptic [and altitude circle].’* Therefore, when the latitudinal parallax is to 
the north, if the angle in question is greater than a right angle, the effect of the 
longitudinal parallax will be in advance [i.e. in reverse order] of the signs, but if 
the angle is less than a right angle, the effect will be towards the rear {i.e. in the 
order of the signs]. However, when the latitudinal parallax is to the south, the 
reverse will be true: if the angle in question is greater than a right angle, the 
longitudinal parallax will be towards the rear [i.e. in the order] of the signs, but 
if it is less than a right angle, the longitudinal parallax will be in advance.” 

Our previous demonstrations concerning the sun proceeded on the assump- 
tion that it has no perceptible parallax, though we are well aware that the 
parallax, which, as we subsequently showed, affects the sun also, will makesome 
difference in them.*° However, we do not think that the resulting error in 
[predicting] the phenomena will be of sufficient concern to necessitate changing 
any of the theorems constructed without taking such a small effect into 
consideration. Similarly, for lunar parallaxes, we considered it sufficient to use 
the arcs and angles formed by the great circle through the poles of the horizon 
[i.e. an altitude circle] at the ecliptic, instead of those at the moon’s inclined 
circle. For we saw that the difference which would result at syzygies in which 
eclipses occur is imperceptible, and to set out the latter would have been 
complicated to demonstrate and laborious to calculate; for the distance of the 
moon from the node is not fixed for a given position of the moon on the ecliptic, 
but undergoes multiple changes both in amount and in relative position. 

In order to make clear what we mean, let { Fig. 5.16] ABG be a segment of the 
ecliptic, AD a segment of the moon’s inclined circle, point A the node, and D 
the centre of the moon. Draw DBat right angles to the ecliptic. Let E be the pole 
of the horizon, and draw through E the great circle arcs EDZ through the 
moon’s centre, and EB through B. Let arc DH represent the moon’s parallax, 
and through point H®! draw H@ at right angles to BD and HK at right angles to 
BZ. Thus AB represents the true distance [of the moon] in longitude from the node, 
and AK the apparent distance, while BD represents the true distance in latitude 
from the ecliptic, and KH the apparent. Furthermore an arc equal to OH 
represents the longitudinal component of parallax (with respect to the ecliptic) 
derived from DH, and anarc equal to DO represents the latitudinal component 
of parallax. 

From the preceding theorems, [we know that] parallax DH can be found if 
arc ED is given, and both [components of] parallax, DO and OH, if Z GZE is 
given. But what we determined previously was the arcs and angles formed at 
given points of the ecliptic by the altitude circle; and the only point on the 
ecliptic which is given in this situation is B. Hence it 1s clear that we are using arc 
EB instead of arc ED, and Z GBE instead of Z GZE. 


8 Cf. 11 10 p. 105. 

79See the last part of Appendix A, Example 10. 

801 e., nowhere in Bks. III to V were corrections made to the solar position to account for 
parallax, although in some cases it would theoretically make a difference (e.g. in observations made 
with the astrolabe in which both sun and moon were sighted, V 3). 

8! Reading 51% tov H (with Ar, 51a tod D) for 51’ adtod at H449,16. Suggested by Heiberg and 
adopted by Manitius. 
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Ee 


\ Fig. 5.16 


Now Hipparchus attempted to correct this kind [of inaccuracy] too, but it is 
apparent that he attacked the problem in a very careless and irrational way.” 
For firstly, he does it for [just] a single value of the distance AD, instead of all 
[possible] values, or a number of values, as would have been appropriate in a 
situation where one has chosen to be nicely accurate about small [errors]. 
Furthermore, without realising it, he has fallen into a number of [even] stranger 
errors. Having also [like us] previously demonstrated [the amounts of] the arcs 
and angles with respect to [intersections of altitude circles with] the ecliptic, and 
shown that, if ED is given, DH can be found (he shows this in Bk. I of his ‘On 
parallaxes’), in order to get ED as a given quantity, he assumes that arc EZ and 
Z EZG are given (in this way, in Bk. IJ, he calculates ZD and takes ED as 
remainder [of EZ-ZD]). However he was misled by his failure to notice that the 
given point of the ecliptic is not Z but B, and hence the given arc is not EZ, but 
EB, and the given angle not EZG but EBG. Yet it is these [arc EZ and Z EZG] 
which were the [necessary] starting-points for making even such a partial 
correction. For in many situations there is a quite noticeable difference between 
the arc ED and the arc EZ,** whereas the difference between BE (which really is 


*°No one has given a satisfactory explanation of the procedure of Hipparchus which Ptolemy 
alludes to here. Pappus devotes a section of his commentary to it (Rome[1] I 151-5), but his 
reconstruction of Hipparchus’ method seems entirely fictitious (see HAMA 323-5); there are errors 
in Rome’s text and notes ad loc. 

**At certain situations (cf. Table I 13) the angle between altitude circle and ecliptic (2 EZA in 
Fig. 5.16) can be close to 180°: then the angle betwen altitude circle and moon’s orbit (Z EDA) will 
also be close to 180°, and hence DZ will be a large arc, and the error of taking EZ for ED can be 
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given) and ED is, at most, the amount of the arc BD for any given distance [of 
the moon] from the node. 

The logical procedure for making the correction by a [mathematically] 
sound method can be displayed as follows. 

[First, see Fig. 5.17], let ABG be the ecliptic, and DBE at right angles to it. 
Let the moon be at either D or E, ata latitudinal distance from the ecliptic ABG 
which is a given arc, e.g. BD or BE. Then the zenith arcs and the angles are 
given at point B of the ecliptic, and the [corresponding arcs and angles] at D or 
E are to be found. 


id 


a 


Bigs oly 


Now if the position of the ecliptic is such that it is at right angles to the great 
circle drawn through point Z (which we set as the pole of the horizon) and point 
B, i.e. ZB, it is obvious that this great circle will coincide with arc DE, and the 
angles at D and E will not differ from that given at B: for [arcs] drawn through 
these points [from the zenith] are also at right angles to the ecliptic. 

And ZD = ZB - BD 
ZE = ZB + BE, where both BD and BE are given. 

[Second,] let the ecliptic ABG coincide with the great circle through the 
zenith. Then if [see Fig. 5.18] we take A as the pole of the horizon and draw AD 
and AE, these [two arcs] will differ from arc AB, and angles BAD and BAE will 


. . . . 84 
differ from [the corresponding angle] in the previous case, which was zero. 


considerable, whereas the error of taking EB for ED cannot exceed arc BD which (since Z DBA is 

right) cannot exceed the inclination of the moon’s orbit, 5°. After this I have excised, at H451,12- 

je 81% 13 TOAD pOAAOV Exeivov abtas LT Se5d08a, ‘because the former [ED] is even farther from 

being given than the latter [EZ], as an interpolation which is a (very lame) explanation of the 

preceding (in fact it is a consequence, not a cause). Heiberg’s punctuation of this passage makes it 

unintelligible: remove the stop after EZT (line 9) and insert a comma before moAAayT (line 10). 
84 Literally ‘which did not exist’. The angle in question is 7 BZD in Fig. 5.17. 
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Fig. 5.18 


And AD and AE are given from the quantities AB and BD, BE (we speak in 
terms of straight lines, since the difference [from arcs] is negligible), 
since AB? + BD? = AD? 
AB? + BE? = AE.? 
And the angles BAD and BAE can thence be derived. 

[Third,] let the ecliptic be inclined [to the altitude circle]. If [Fig. 5.19] we 
take Z as pole of the horizon and draw ZB, ZHD and ZE®, arc ZBand Z ABZ 
will be given, and so again, obviously, will be BD and BE. What we need to be 
given are arcs ZD and ZE, and angles AHZ, A@Z. These too are given if 
perpendiculars DK and EL are drawn to ZB. 

For since Z ABZ is given, and Z ABE isalwaysa right angle, the right-angled 
triangles BKD and BLE are given, and so is the ratio of ZB to the sides 
containing the right angle, since [the ratio of ZB] to the hypotenuses DB and BE 
is given. Hence there will be given ZD, the hypotenuse [of right-angled triangle 
ZDK, of which sides ZK and KD are given], and ZE, the hypotenuse [of right- 
angled triangle ZLE, of which sides ZL and LE are given], and also the angles 
DZK and EZL, which are the differences from the required angles. For 

4 AHZ = ABZ + Z DZB 
and Z A@Z = Z ABZ - Z EZL. 
It is clear that, for the same latitudinal distance, the greatest difference [with 
respect to the arcs and angles at B] will occur 
[1] for the angles, when point B itself is the zenith. For if the angle {formed by 
the altitude circle through the moon] at B is zero, the [arcs] through D and 
E from the zenith form right angles with the ecliptic; 
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Fa 


Fig. 5.19 


[2] for the ares 
[a] in the same situation [i.e. when point B is in the zenith]. For when the 
arc [from the zenith] to B ts zero, the arcs to D and E will be equal in size 
to the moon’s latitude; also 
[b] when the circle through the zenith is perpendicular to the ecliptic. For 
the difference between arc ZB and ZD or ZE will again be equal to the 
whole amount of the [lunar] latitude. 

But in other situations, in which DE is inclined to ZB, the resultant 
differences between the arcs and angles will be less. Thus, when the moon’s 
distance in latitude from the ecliptic is 5°, the greatest difference in the 
parallaxes [as computed at the ecliptic and at the moon’s orbit] will be about 10 
minutes. For the 5°, representing the greatest difference between the arcs, 
produces that number of minutes [when one enters Table V 18] at the least 
distance and the greatest difference. But when the moon is at the maximum 
latitude which it can attain at a solar eclipse, which is about 12°, the difference 
between the parallaxes will be the same number, [i.e. ] 13, of minutes. And this 
happens rarely.®° 


5 To verily these figures, take entries at 5° interval in Table V 18, using cols. 5 and 6 (which are 
chosen because they give the maximum difference). The rate of change is fastest near zero, hence: 
for arg. 0,0+0=0; for arg. 5°, 0;7,30+0;2,5 =0;9,35= 10’. For eclipses, which occur at conjunction, 
we have to take the values from cols. 3 and 4. Here, between 0° and 14°, we find: 0 +0 = 0, 0:1,25 + 
0;0,18 = 0;1,43 (which is closer to 14’ than 13’). The maximum latitude of the moon at a solar eclipse 
is about 13°, the sum of the apparent radii of the bodies (each about 1°) and the maximum parallax 
at conjunction (about 1°; see VI 6 p. 293). There is no reason to suspect an interpolation here, with 
Manitius (p. 447): he has misunderstood the passage, notably mistranslating ta ioa €€nKoota, 
H455, 15-16. 
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A convenient method for making the above kind of correction of the angles 
and arcs, if anyone wants to make it when the [differences] involved are so small, 
would be as follows. 

As a general rule, we double the amount of the angle [between altitude circle 
and ecliptic], and entering with this as argument into the Table of Chords take 
the chord corresponding to it, and also the chord corresponding to its 
supplement. We multiply both of the latter separately by the [moon’s] latitude, 
in degrees, divide each of the products by 120, and record the results 
[separately]. As for the result derived from the first angle, we subtract it from 
the relevant arc from the zenith [to the ecliptic] when the moon ts on the same 
side [of the ecliptic] as the zenith, but add it when it is on the opposite side [of the 
ecliptic to the zenith]. We square the result, add that to the result derived from 
the supplementary angle, also squared, and take the square root of the sum: this 
will give us the corresponding arc [ZE or ZD in Fig. 5.19] which is required. 

Next we take the result which we recorded from the [second, ] supplementary 
angle, multiply it by 120, and divide the result by the arc we found[ZE or ZD}. 
With the resulting [chord] we enter into the [body of the] Table of Chords 
[I 11], take the corresponding arc [in the column of argument], and halve it. If 
the corrected arc [ZE or ZD] is greater than the original [ZB] we add the result 
to the amount of the original angle, but if [the corrected arc is] less [than the 

.original], we subtract it: the result will be the corrected angle. 

To give an example, in the previous figure [5.20] let arc ZB be 45°, 

Z ABZ 30°, and both arc DB and arc BE 5° in latitude. 


ig 


Fig. 5.20 
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Now Crd (2 x 30)° = Crd 60° = 60°, 
and Crd (180 - 60)° = Crd 120° ~ 104°, 
-. BL:LE = BK:DK* = 60:104, where the hypotenuse [BE or BD] = 120°. 
So we multiply each number by the 5° of the hypotenuse and divide by 120. 
Sen = Bis 2:50° 
and DK = El, = 4:20°. 
First let us suppose the moon to be at E: 
so we subtract the 2;30° from the 45° of arc ZB, since the moon’s distance in 
latitude is in the same direction as the zenith (i.e. they are either both south or 
both north of the ecliptic). 
iansace ZL = 42:30°. 
Secondly, suppose the moon to be at point D. Then we add [2;30°] to the 45°, 
since the relative positions are reversed, and H458 
ZR = 47,30", 
We form either ZL? + EL? = 42;30? + 4;20? 
or ZK? + DK? = 47;30? + 4;20?, 
and get either ZE ~ 42;46° 
or Zi 47;44°. 
We multiply 4;20 by 120 and divide by 42;46 and 47;44 separately. 
Then EL ~ 12;8? where hypotenuse ZE = 120° 
and DK ~ 10? where hypotenuse ZD = 120?. 
The arc corresponding to the chord 12;8? is about 113° 
and the arc corresponding to the chord 10” is about 103°. 
Taking half of these, we subtract Z EZL, [namely] ge. from Z ABZ, i.e. 30°, 
since arc ZE is less than arc ZB. H459 
Thus Z A@Z = 243°; 
and we add Z DZK, [namely] 58°, to the same IZ ABZ. es)-507, 
since arc ZD is greater than arc ZB. 
Thus Z AHZ = 358°. 
Such is the procedure which was required.*” 


8 Change the full stop after pd at H457,7 to a comma. 

87 Although one might expect that, as Neugebauer states (HAMA 116, which gives an incorrect 
account of Ptolemy’s procedure) that this method, which treats the large spherical triangles ZBD 
and ZBE as plane triangles, would lead to great inaccuracy, this is not so (as I have verified by 
taking the worst possible cases): the reason is that the bases of these triangles are small (BD and BF 
cannot exceed 5°, the maximum lunar latitude). 


Book VI 


1. {On conjunctions and oppositions of sun and moon} 


The next subject we have to treat concerns the syzygies of sun and moon at 
which eclipses occur. The first topic of this, in turn, is the determination of the 
true conjunctions and oppositions. Now we do indeed think that the periodic 
and anomalistic motions which we have [already] established for each of the 
luminariés are sufficient for the first determination of the above; for these 
[motions] enable one, if he does not shrink from [the labour of] comparing the 
individual positions of the luminaries at every appropriate occasion,” to 
compute the places and times of the resulting syzygies, both those taken with 
respect to the mean motions and the true syzygies, [i.e.] taking the 
anomaly into account. Nevertheless, in order to provide a more convenient way 
of finding these [syzygies] too, by having set out ina readily available form the 
times and places of the mean conjunctions and oppositions, together with the 
position of the moon in anomaly and latitude at [these] mean times (which are 
the basis for the correction leading to the true syzygies and thence to the ecliptic 
syzygies), we constructed tables for this purpose. Their structure is as follows. 


2. {Construction of the tables of mean syzygies} 


First, we want to begin the epoch of the [synodic] months, hike all other epochs, 
from the first year of Nabonassar. So we divided the mean position [of the 
moon] in elongation at noon, Thoth 1° in the Egyptian calendar in that year, 
which we showed above [IV 8 p. 205] to be 70;37° by the mean daily motion in 
elongation, and found 5;47,33°. Therefore the previous mean conjunction 
preceded noon on Thoth | by that amount. So the next [mean conjunction] 
occurred about (29;3150 — 5347333 =] 23-44.17° after that noon, i.e. 0;:44,17° 
after noon on the 24th. 
In 23;44,17° 


'On chs. 1 and 2 see HAMA 118-21, Pedersen 220-2. 

“Te. at every syzygy (whereas Ptolemy's tables VI 3 enable one to pick out the syzygies at which 
eclipses are possible with much less labour). 

*Here (H462,5) and elsewhere in this chapter (H462,9 and 16; H463,3) most Greek mss. and 
Pappus’ commentary give veopnvia (literally ‘new moon’) to express this date. As Manitius notes 
(338 n. d), the word is appropriate for the first day of the month in Greek luni-solar calendars, but 
not in the Egyptian calendar, where the months bear no relationship to the phases of the moon. In 
all but the last of these places D has @ (‘1’), which may well have been Ptolemy’s designation. 
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mean motion of the sun = 23;23,50° 

mean motion of the moon in anomaly = 310;8,15° 

mean motion of the moon in latitude = 314;2,21°. 
And the mean positions at noon on Thoth | were: 

longitude of sun: Poo" 

distance of sun from its apogee (this is convenient to have): 265;15° 

anomaly of moon, counted from the apogee of the epicycle: 268;49° 

[argument of] latitude of moon, counted from the northern limit on [the 

moon’s] inclined circle: 354;15°. 

Therefore, at the above-mentioned moment of the [first] mean conjunction 
after the first day [of Thoth], 

the distance of the sun and moon in mean longitude from the sun’s apogee, 

namely I 5;30°, was 288;38,50° 

the distance of the moon in anomaly from the apogee [of the epicycle] was 

218357,15° 

the distance of the moon in latitude from the northern limit was 308;)]7,21°. 

So we will set out, first, a table of conjunctions, containing, again, 45 lines, 
and 5 columns. On the first line we will put, in the first column, year | of 
Nabonassar; in the second column, the days of Thoth, 24;44,17 (for the sixtieths 
[of a day] are after noon on the 24th);* in the third column the distance 
from the sun’s apogee of the mean position [of sun and moon], 288;38,50°; in 
the fourth column the moon’s distance in anomaly from the apogee {of the 
epicycle], 218;57,15°; and in the fifth column the {moon’s] distance in 
{argument of] latitude from the northern limit, 308;17,21°. 

Now half a mean [synodic] month comprises approximately 14:45,55°, 
14;33, 12° ofsolar{mean] motion, 192;54,30° of lunar anomaly, and 195;20,6° of 
[argument of] latitude; we subtract the above amounts from the [corresponding 
positions] for the conjunction in question, and put the results, arranged in the 
same way as before, at the beginning of the second table, which has a structure 
similar [to the first], but will serve for the oppositions. 

The entries are: 


days: 9;58,22° 
distance from the sun’s apogee: 274-550" 
distance in anomaly from the moon’s apogee: 26:2;45° 
distance in latitude from the northern limit: Li2sS%elSee 


Now 25 Egyptian years less 0;2,47,5° contain approximately an integer 
number of [mean synodic] months;? and [in 25 years] the mean motions 
(beyond complete revolutions) are: 


sun: 553:524 bo" 
moon, anomaly: 5i2ieae 1° 
moon, latitude: 117;12,49,54°. 


* Although the conjunction is only 23;44,17° after epoch, Ptolemy tabulates 24;44,17, i.e. he is 
here using inclusive reckoning for dates. The convenience of this to the user became so obvious that 
in his Handy Tables he adopted it generally. 

° The relationship 25 Egyptian years ~ 309 synodic months was probably known in Egypt long 
before Ptolemy. For an example of its use in Egypt, and the reasons for dating its origin to the fourth 
century B.C., see HAMA II 563-64. 309 x 29;31,50,8,20° = 2,32,4:57,12,55, which is exactly (not 
approximately, as Ptolemy implies) 0;2,47,5° short of 25 x 365 = 2, 32, a, 
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So we will increase [each line in succession of] the first columns of the two 
tables by 25 years, and decrease [those of] the second columns by 0;2,47,5, and 
increase [those of] the remaining columns, the third by 353;52,34,13°, the 
fourth by 57;21,44,1°, and the fifth by 117;12,49,54°. 

Following this we construct a table of years, in 24 lines, and then beneath it 
another table, of months, in 12 lines, each having the same number of columns 
as the first [two tables]. In the table for months we will enter on the first line, in 
the first column, the first month; in the second column, the days in one [synodic] 
month, 29;31,50,8,20; in the third column, the [mean] motion of the sun during H465 
that period, 29;6,23,1°; in the fourth column, the motion of the moon in 
anomaly [in one synodic month], 25;49,0,8°; and in the fifth, the motion in 
[argument of] latitude, 30;40,14,9°. The [line to line] increments in this table 
will be the same as the entries in the first line. 

In the table for years we will enter on the first line, in the first column, year 1; 
in the second column, the number of days [ beyond 365] contained in 13 synodic 
months, 18;53,51,48;° in the third column, the increment in sun’s motion 
during that period, 18;22,59,18°; in the fourth column, the moon’s motion in 
anomaly, 335;37,1,51°; and in the fifth column, the motion in latitude, 
38;43,3,51°. The [line to line] increments in this table will sometimes be the 
above 13-month increments, and at other times the 12-month increments. The 
latter come to: 


days: 354;22,1,40° 
sun’s [mean] motion: 349; 16,36, 16° 
moon’s anomalistic motion: 309;48, 1,42° 
moon’s latitudinal motion: $32,49,42°. 


This [alternation between 12- and 13-month intervals] is in order that what 

appears in the table will be the first syzygy in each integer Egyptian year.’ 
In the actual tabular entries it will be sufficient to go only as far as the second 

sexagesimal [fractional] place. The layout of the tables is as follows. 


3. {Tables of conjunctions and oppositions}® H466-71 


[See pp. 278-80. ] 


4. {How to determine the mean and true syzygiest? EZ 


So when we want to find the mean syzygies for any given year, we calculate the 
number of the year in question in the era Nabonassar.'° Then we determine 
what combination of 25-year periods (taken from the first or second table, as the 


® Reading V@ for vB (18;53,52,48) at H465,10, with D,Ar. Corrected by Manitius. 

7For an explanation of how this principle works for the choice of 12- or 13-month increment see 
HAMA 120. 

8 As Ptolemy says, these tables are computed to 3 sexagesimal fractional places, but rounded to 2 
in the actual tabulation. 
The eclipse limits on p. 280 are those derived later, VI 5 pp. 286-7. 

9See HAMA 121-4, Pedersen 223-6. 

107 e. we enter with the current year. Cf. p. 276 n.4. 
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TABLE OF CONJUNCTIONS 


3 a 5 
Distance of Anomaly of Latitude 
Sun from Moon from from Northern 
its Apogee Epicyclic 


1 
26 
51 


LORS 
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TABLE OF OPPOSITIONS 


3 4 5 
Distance of Anomaly of Latitude 
Sun from Moon from from Northern 
its Apogee Epicyclic 


25-year 
periods 
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YEARLY [AND MONTHLY] INCREMENTS for CONJUNCTION and OPPOSITION 


uo 4 5 
Sun from {Moon’s] 
Anomaly Latitude 


ela) 


(ECLIPSE] LIMITS OF SUN IN MEAN [LATITUDINAL] MOTION: 
from 69;19° to 101;22° and from 258:38° to 290:41° 
[ECLIPSE] LIMITS OF MOON IN MEAN [LATITUDINAL] MOTION: 
from 74;48° to 105;12° and from 254:48° to 285:12° 


Sun from [Moon’s] 
Anomaly Latitude 


49 
38 


236 
265 
295 
324 § 
354 
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case may be [1.e. for conjunction or opposition]) and single years (taken from the 
third table) adds up to that number of years, take the entries corresponding to 
those lines [in the table], and add the entries from [each] successive column 
separately: for conjunctions we add the entries from the first and third tables, 
and likewise for oppositions we add the entries from the second and third tables. 
The sum derived from the entries in the second column will give us the moment 
of syzygy, counted from the beginning of that year; e.g., if the sum is 24;44°, [the 
syzygy will be] 44 sixtieths of a day after noon on Thoth 24; or, again, if it is 
34:44°, it will be 44 sixtieths of a day after noon on Phaophi4. The sum derived 
from the entries in the third column will give us the [mean] position of the sun 
in degrees counted from the apogee; the fourth column, the anomaly of the 
moon counted from the apogee [of the epicycle]; the fifth column, the 
[argument of] latitude counted from the northern limit. At the same time we 
can readily calculate the subsequent [syzygies of the year in question], either all, 
or some, as we choose, in logical fashion, by adding the appropriate entries in 
the fourth, monthly table. For practical purposes we will always convert the 
time measurements from sixtieths of a day into equinoctial hours. However, the 
time in hours resulting from the addition [of the entries] will be expressed in 
mean solar days, whereas the time expressed in seasonal hours is not always 
identical with that, but is based on true solar days. So we will correct this too, by 
calculating the difference due to this effect, by the method indicated above: if 
the amount of time-degrees corresponding to [the rising-time of] the apparent 
motion is greater {than the interval in mean motion], we subtract the difference 
from the total [of hours] derived on the basis of mean solar days, but if it is less, 
we add it to that total."! 

Once we have derived, by the above procedure, the time of mean 
conjunction or opposition, and the position of each luminary in anomaly at that 
time, it will be easy to determine the time and place of the true syzygy, and also 
the moon’s position in latitude, by comparing the anomalies of the two bodies. 
For by applying each anomaly in turn, we calculate the true position of sun, moon 
and moon’s latitude. at the moment defined by the mean syzygy in question, by 
means of the equation thus found, and examine these positions. If we find that 
the bodies are still at the same longitude {for conjunction], or exactly opposite 
[for opposition], then the time of true syzygy will be the same {as that of mean 
syzygy]. If not, we take the difference between the bodies in longitude, 
expressed in degrees, and increase it by a twelfth part of itself,'* to account 
approximately for the additional motion of the sun [between mean and true 
syzygy]. We then determine how long, in equinoctial hours, the moon in its 
anomalistic [i.e. true] motion, takes to cover that interval. If the true longitude 


!1 Ptolemy here echoes III 9 p. 171. There he expressed the rule in the form necessary for going 
from true to mean time. Here the case (and the rule) are reversed. 

!2 This rule is justified by a particular example at VI5 (p. 286); where Ptolemy, assuming the moon 
to move 13 times as fast as the sun, calculates that the extra distance required is H+toxn= ob 
of the original. Hence Pedersen (224) assumes that Ptolemy found ib by summing the convergent 
series 13 + (13)? + ... Although the passage VI 5 supports him, one can also derive it 
without summing a series, as follows: if the moon starting from point A and the sun starting from 
point B meet at point C, and the moon’s speed is 13 times the sun’s, then AC = 13BC, hence AB (the 
original distance between them) is 12 times BC (the extra distance travelled). 
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of the moon {at mean syzygy| is less than the true longitude of the sun, we add 
the result to the time of mean syzygy, but if it [the moon’s longitude] is greater, 
we subtract the result from the time of mean syzygy. Similarly, if the true 
longitude of the moon at mean syzygy is less than the sun’s [true longitude], we 
add the interval in degrees (increased, again, by a twelfth) to both the longitude 
and the argument of latitude [at mean syzygy], but if it is greater we subtract it 
[from both]. Thus we get the time of true syzygy, and the approximate true 
position of the moon on its inclined circle.” 

The method of finding the moon’s true hourly motion at the syzygy for any 
given position is as follows. We enter the table of the moon’s anomaly [IV 10] 
with the anomaly at the moment in question, take the corresponding equation, 
and then determine the size of the increment in the equation [at that point] 
corresponding to an increment of | degree in anomaly. We multiply this incre- 
ment by the mean motion in anomaly in ] hour, 0;32,40°,"? and, if the anomaly 
[with which we entered the table] as argument is in the lines above the greatest 
equation, we subtract the product from the mean hourly motion in longitude, 
0;32,56°, but if [the anomaly] is in the lines below [the greatest equation], we 
add the product to 0;32,56°. The result will be the moon’s true motion in 
longitude in one equinoctial hour at that position.’ 

Now the above procedure will give us the time of true syzygy at Alexandria, 
since all epochs have been defined in terms of time as expressed in hours [1.e. 


* counted from noon] with respect to the meridian through Alexandria. But it is 


easy to find the time of a given syzygy for any place whatever from the time of 
that syzygy at Alexandria.'® From the difference in position between the two 
places, we determine the interval, in degrees, between the meridian through the 
place required and the meridian through Alexandria. If the meridian through 
the required place is to the east of the meridian through Alexandria, the 
phenomenon will appear to be observed there that amount (in time-degrees) 
later, but if it is to the west, that amount earlier. (Obviously, as always, 15 time- 
degrees represent | equinoctial hour.) 


5. {On the ecliptic limits of sun and moon}" 


Now that we have explained the above methods, it would be appropriate to 
follow up with the considerations pertinent to the ecliptic limits for both solar 
and lunar eclipses. The purpose of this is that if we decide to compute, not all 


'S For a year’s series of computed mean and true oppositions see HAMA 121, 123-4. See also 
Appendix A, Examples 11 and 12. 

* Reading 0 AP ji tor o AB jlo (0;32,40,0) at H475,2, and similarly 0 AB VB foro XP VE o (0:32,56,0) 
at H475,5-6. Supported by D,Ar. 

'° For a justification of this rule see Pedersen 226. He objects that it is approximately valid only if 
the lunar deferent has no eccentr icity, i.e. if one uses the simple hypothesis of Bk. IV. But Ptolemy 
advocates its use only ‘at the syzygy’, and he has already shown that there is no significant difference 
between the two hypotheses at syzygy (V 10). 

Omitting the clause (H475, 15-17) d08évtog tod Kat’ adtrv MAT BoUs TOV ionpEpivOv OpOv 
THs GnO TOD peonpPprvod Gnox7c (‘once we are given the distance of it [the syzygy} from the 
meridian, expressed in equinoctial hours’), a clumsy and confusing interpolation found in all mss. 

See HAMA 125-9, Pedersen 227-30. 
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mean syZygies |1n a given year |, but just those which could fall into the category 
concerning eclipse prognostications,'® we may have a handy method of 
deciding which these are from the entry for the moon’s mean position in latitude 
at each mean syzygy. 

Now in the preceding book [V 14, p. 254] we have shown that the moon’s 
diameter subtends an arc which is 0;31,20° of the great circle drawn about the 
centre of the ecliptic at the moon’s greatest distance. We calculated this by 
means of two eclipses which occurred near the apogee of the moon’s epicycle. So 
now too, when we propose to determine the maximum limits of ecliptic syzygies 
(which limits are determined by the position of the moon at the perigee of the 
epicycle), we shall, in this situation too, demonstrate in the same way the size of 
the arc subtended by the moon’s diameter, by means of two eclipses [this time] 
from among those which have been observed near the perigee [of the epicycle ]. 
For it is safer to demonstrate this kind of parameter from the actual phenomena. 

In the seventh year of Philometor, which is the 574th from Nabonassar, on 
Phamenoth [VII] 27/28 in the Egyptian calendar [-173 May 0/1], from the 
beginning of the eighth hour till the end of the tenth in Alexandria, there was an 
eclipse of the moon which reached a maximum obscuration of 7 digits from the 
north. So mid-eclipse occurred 23 seasonal hours after midnight, which 
corresponds to 23 equinoctial hours, since the true position of the sun was 

§ 634°.!9 And the time from epoch to mid-eclipse is 
143 equinoctial hours reckoned simply 


ea eumenisiears: 206 Keays 14 equinoctial hours reckoned in mean solar 


days. 
At this moment the position of the centre of the moon was as follows: 
mean longitude: nie 497 
true longitude: imeo.t6°°° 


distance [in anomaly] from the apogee of the epicycle: 163;40° 

distance from the northern limit on the inclined circle: 98;20°. 

Hence it is clear that when the moon’s centre is 8;20° from the node 
(measured along the inclined circle), while the moon 1s near its least distance [at 
syzygy], and the centre of the shadow 1s on the great circle drawn through the 
moon’s centre at right angles to the inclined circle (which is the position of 


'8The word used here, émionpaciat, means ‘prognostication [concerning weather] or 
‘significance in prognostication’ at HII 204,/ and HI 536,21; 537,8; 540,7. This is a traditional 
meaning (e.g. Ptolemy, Phaseis , Op. Min. 11,4: 20,5), also applying to the verb Emionpaivery (ibid. 
31,10; cf. Apotelesmatica II 14, ed. Boll-Boer 100,17). I therefore assume that meaning wherever it 
occurs in the Almagest, except in the phrase émianpaciac GE a1 moAcic, HI 188,3, where it means 
merely “deserving note’. There is a good discussion of €xionpaiverv and related terms in Pfeiffer, 
Studien zum antiken Sternglauben 84-93. 

'9Reading ¢ 8’ for ¢ 5 (6;4°) at H477,10. The reading is assured by computation (A© = 8 
16;13,25°) and by the position of the true moon just below. 64 is the reading of AD, Arand probably 
all mss. (i.e. the error is Heiberg’s). Corrected by Manitius. 

20'This implies an equation of —1;33°, which agrees fairly well with that derived from an anomaly 
of 163;40° (below : accurate would be —1;32°), if one uses the simple lunar hypothesis. However, if 
one computes with the full accuracy of the tables V 9, one finds A » =216;23° (for at true syzygy 2y 
=~ 54°, which produces a change in a of +50’, and hence a decrease in the equation of 4’ (precisely the 
maximum amount by which, according to Ptolemy in V 10 p. 243, the full hypothesis can differ 
from the sumple at syzygy). ‘Uhis also affects the moon’s position on its orbit, which should be 8;22° 
(rather than 8;20°) from the node. 
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greatest obscuration), (3 + 72)th of the moon’s diameter is immersed in the 
shadow.”! 

Again, in the thirty-seventh year of the Third Kallippic Cycle, which is the 
607th trom Nabonassar, Tyb: [V] 2/3 in the Egyptian calendar [-140 Jan. 
27/28], at the beginning of the fifth hour [of night] in Rhodes, the moon began 
to be eclipsed; the maximum obscuration was 3 digits from the south. 

Here, then, the beginning of the eclipse was 2 seasonal hours before midnight, 
which corresponds to 23 equinoctial hours in Rhodes and in Alexandria, since 
the true position of the sun was # 5;8°. And mid-eclipse, at which the greatest 
obscuration occurred, was about 12 equinoctial hours before midnight. The 
time from epoch to mid-eclipse is 
606 Egyptian years 12] days 10 equinoctial hours, whether reckoned simply or 
in mean solar days. 

At this moment the position of the centre of the moon was as follows: 

mean longitude: ) See? 

true longitude: rage 

distance [in anomaly] from the apogee of the epicycle: 178;46° 

distance from the northern limit on the inclined circle: 280;36°. 

Hence it is clear that when the moon’s centre is 10;36° (measured along the 
inclined circle) from the node, while the moon is (as before) near the least 
distance, and the centre of the shadow is at the intersection of the ecliptic and 
the great circle drawn through the moon’s centre at right angles to the [moon’s| 
inclined circle, then a quarter of the moon’s diameter will be immersed in the 
shadow.” 

But24 when the moon’s centre is 83° from the node on its inclined circle, it is 
4335’, measured along the great circle drawn through the poles of the inclined 
circle, from the ecliptic; and when it is 103° from the node on its inclined circle, 
it is 548’, measured along the great circle drawn through the poles of the 
inclined circle, from the ecliptic. Now the difference [in magnitude] between 
the two eclipses comprises ird of the moon’s diameter, and the difference in the 
above two distances of its centre, measured along the same great circle, from the 
same point of the ecliptic (i.e. the centre of the shadow) is 0;11,47°. So it is clear 
that the whole diameter of the moon subtends an arc of about 0;35,20° of the 
great circle drawn on the centre of the ecliptic at the moon’s least distance [at 
syzygy |. 

Furthermore, in the second eclipse, in which 4 of the moon’s diameter was 


21 Oppolzer no 1587 : mid-eclipse 23;44" (~ 1;45 a.m. Alexandria, which is very close to the time 
of true conjunction one finds from Ptolemy tables), magnitude 7.4 digits. 

* Again (cf. p. 283 n.20) the equation implied, -0;8°, agrees well enough with that derived from 
the anomaly of 178;46° according to the simple hypothesis, but application of the full hypothesis 
produces a significant difference in the true longitude of the moon ({) 5;13°) and its position on the 
orbit (10;42° from the node instead of 10;36°). 

*3 That this eclipse was observed by Hipparchus, as one winualdl expect from the date and place, is 
confirmed at VI 9 (p. 309). It is Oppolzer no. 1638: time 20; li (~ 10 p.m. Alexandria), magnitude 
3.2°, half-duration 58 mins. Ptolemy assumes 30 mins., which is only about half of what he would 
dehive from his own eclipse tables, VI 8. The difficulties associated with the observation and 
reduction of this eclipse have been much discussed: see Fotheringham [3] 579, with references to 
older literature, and Britton [1] 94. 


** For the following calculations see HAMA 105-8, and cf. p. 254 n.61. 
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obscured, the moon’s centre was 54’ from the centre of the shadow and} of the 
moon’s diameter (i.e. 82’) from the point at which the line joining the centres [of 
moon and shadow] intersects the perimeter of the shadow. Hence it is 
immediately obvious that, by subtraction, the radius of the shadow at the 
moon’s least distance is 46’. This is negligibly greater than 23 times the moon’s 
radius, which is 173’. Moreover, the sun’s radius subtends 0;15,40° of the great 
circle drawn through the sun about the centre of the ecliptic. For, as we 
demonstrated [V 14], the sun covers the same amount of its circle [i.e. subtends 
the same angle] as the moon does when it is at its greatest distance at syzygy. 
Therefore, when the apparent centre of the moon is [0;17,40 + 0;15,40 = ] 
0;33,20° from the centre of the sun, [measured orthogonally to the moon’s orbit] 
on either side of the ecliptic, that is the limiting position in which the moon can 
just be in apparent contact with the sun. 

For example [see Fig. 6.1] let us imagine AB as an arc of the ecliptic and GD 
as an arc of the moon’s inclined circle. These are sensibly parallel to each other, 
at least as far as concerns the positions [of the bodies] at the time of eclipses. We 


G D 
E 


A B 


lig: 6.1 


draw the arc of the great circle through the poles of the [moon’s] inclined circle, 
AEG, and imagine the semi-circle of the sun on centre A, and the semi-circle of 
the apparent moon on centre E, in such a position that it is just touching the sun 
at point Z. Then arc AE, which is the distance of E, the apparent centre of the 
moon, from A, the centre of the sun, can at times be as much as 0;33,20°, as 
established above. But in the regions stretching from Meroe, where the longest 
day is 13 equinoctial hours, up to the mouths of the Borysthenes, where the 
longest day is 16 equinoctial hours, the maximum northward effect of the lunar 
parallax for the moon at least distance in the syzygies (if we subtract the solar 
parallax) is about 0;8°, and the maximum southward effect, under the same 
conditions, is 0;58°. When its [latitudinal] parallax is 0;8° northwards, it has a 
maximum longitudinal parallax of about 0;30°, round about Leo and Gemini, 
and when its [latitudinal] parallax is 0;58° southwards, it has a maximum 
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longitudinal parallax of about 0;15°, round about Scorpius and Pisces.” So if 
we suppose that the true centre of the moon is at D, and draw line DE, which 
represents the total parallax, DG will (approximately) represent the parallax in 
longitude, and GE the parallax in latitude. 

Therefore, when the moon is to the north of the sun and has a maximum 
southward parallax, 

arc DG will be 0;15°, and arc AEG [0;33,20° + 0;58° =] about 1;31°. 
Now the ratio between the arc from the node to G and the arc GA is about 
113 : 1 for distances between the eclipse limits: this can easily be seen from our 
previous demonstration of the inclination of the lunar orbit.*° So the distance 
from the node to G will be 17;26°, and GD added to this makes 17;41°. 

And when the moon is to the south of the sun and has its maximum 
northward parallax, arc DG will be 0;30°, and the whole of arc AEG, 
[0;33,20°+ 0;8° ~ ] 0;41°. By the same kind of calculation as before, the 
distance from the node to G will be 7;52°, and the total distance, including arc 
GD A8i22>. 

Therefore, the limiting positions, in which the moon can just be in apparent 
contact with the sun, for the above regions of our part of the inhabited world, 
are when the true distance of the centre of the moon from either of the nodes on 
its inclined circle is 17;41° towards the north, or 8;22° towards the south. 

Furthermore, since, as we showed, the maximum equation of anomaly is 
2;23° for the sun and 5;1° for the moon near the syzygies, it will at times be 
possible for the true distance of the moon from the sun at mean syzygies to reach 
7;24°. But, in the time the moon takes to traverse the distance [7;24°], the sun 
will traverse an extra distance of about i3th of that amount, i.e. 0;34°; and 
again, while the moon is traversing that extra 0;34°, the sun will traverse an 
extra 13th of that, or about 033° (az3th of the latter is negligible). So ifwe add the 
sum, 0;37° (which is ith of the original 7;24°)?’ to the 2;23° of the solar 
[equation of] anomaly, we get 3°, which is, approximately, the maximum 
difference in longitude and {argument of] latitude between mean position [of 
the bodies] at mean syzygy and their true position [at true syzygy]. So the 
limiting positions in which the moon can just be in apparent contact with the 
sun, for the above regions, are when the mean distance of the centre of the moon 
from [either of] the nodes on its inclined circle is 20;41° to the north, or 11;22° to 
the south. And by the same argument, the above effect can take place in the 
regions in question only when the amount of the distance of the moon from the 
northern limit corresponding [in the fifth column of Table VI 3] to the mean 
syzygy falls between 69;19° and 101;22°, or between 258;38° and 290;41°. 

Next, to obtain the moon’s ecliptic limits: since, as we showed [p. 284], the 
moon’s radius at its least distance [at syzygy] subtends 0;17,40°, and the 


*°Ptolemy computes the maximum effect of the parallax on ecliptic limits for the region 
embracing the standard ‘7 climata’ (see Introduction p. 19). There are some serious problems in his 
(unsupported) statements here, for which see HAMA 127-9. 

*6 Le. taking the inclination as 5° (V 12 p. 247), and taking the small spherical triangle formed by 
the latitude, the ecliptic and the moon’s orbit as plane, we compute w : B = Crd 110°: Crd 10° = 
119332537 10:27.32'= 11.432 | eal 

(Ci oy, 2) tn Ne. 
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shadow’s radius, being about 22 times that, comes to 0;45,56°,*8 it is clear that 
when the true distance of the moon’s centre is 1;3,36° from the shadow’s centre 
on either side ot the ccliptic (as measured along the great circle drawn through 
the poles of the moon’s inclined orbit), or about 12;12° from either of the nodes 
on its inclined circle (according to the ratio | : 113), that is the limiting position 
in which the moon can just touch the shadow. And by the same argument as was 
deduced above from the anomaly, the limiting position for the moon to touch 
the shadow will be when the distance of the mean moon’s centre from the node 
on its inclined circle is 15;12°. Hence the [mean moon], in distance from the 
northern limit, must fall within the boundaries 74;48° to 105;12°, or 254;48° to 
200; 12°. 

We will, then, include these numbers for the moon’s [argument of] latitude at 
solar and lunar [eclipse] limits in the preceding table of syzygies, in order to 
provide a convenient method of determining whether [a given syzygy] could 
fall into the category of an eclipse. 


6. {On the interval of months between eclipses}?® 


In addition to the above, it would also be useful to discuss the problem of the 
intervals at which, in general, it is possible for ecliptic syzygies to occur, so that, 
once we have determined a single example of an ecliptic syzygy, we need not 
apply our examination of the [ecliptic] limits to every succeeding syzygy in 
turn, but only to those which are separated [from the first] by an interval of 
months at which it is possible for an eclipse to recur. 

Now it is immediately obvious that eclipses of both sun and moon can occur 
at 6-month intervals, since the increment in the moon’s mean motion in 
{argument of] latitude over 6 months comes to 184;1,25°, and the arcs between 
the ecliptic limits [at opposite nodes], for both sun and moon, comprise less than 
the above amount if they are less than a semi-circle, and more than the above 
amount if they are greater than a semi-circle.” 

For, in the case of the sun, the ecliptic limits cut off 20;41° (as we showed 
[p. 286]) to the north of both nodes on the moon’s inclined circle, and 11;22° to 
the south. ‘Uhus*! the arcs on which eclipses cannot occur comprise | 38;38° to the 
north [of the nodes], and 157;16° to the south. 

And, in the case of the moon, the ecliptic limits cut off 15;12° [above] of the 
circle [of the moon’s orbit] from the nodes on both sides of the ecliptic. Thus 
each of the arcs on which eclipses cannot occur comprises 149;36°. 


28 Note that Ptolemy takes precisely 22 times the moon’s radius, instead of the value which he had 
actually derived from the observations, 0;46°. 

24See HAMA 129-34. Pedersen 230-1 is too summary to be useful. 

0 For what follows refer to Fig. H, and, for the increments in motion, to Table VI 3. For the 
moon, DA = BC = 149;36° < 184;1,25°, and AD = CB = 210;24° > 184;1,25°. For the sun, BC = 
138:38° < 184;1,25°; AD = 202;44° > 184;1,25°; DA = 157;16° < 184;1,25°; and CB = 221;22° > 
184;1,25°. It is necessary that both conditions be fulfilled for it to follow that when the (mean) moon 
is on one of the ecliptic arcs (AB, CD) at the beginning of the interval it will be on the other (at a 
distance of 184;1,25°) at the end. 

41 Omitting Kai (with D) at H485,22. 
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On the basis of the theories developed above, it is possible for eclipses of the 
moon to recur at a 5-month interval which is the longest possible, i.e. an interval 
in which the sun has the greatest possible motion and the moon the least. We 
can see that as follows. 

In the mean 5-month interval we find the following increments in the 
motions: 

mean motion in the longitude of both luminaries: 145;32° 

motion of the moon on the epicycle in anomaly: 129;5°. 

The sun’s 145;32°, when its [true] motion is greatest, [i.e. distributed 


VI 6. Lunar eclipses at 7-month interval impossible 289 


symmetrically] either side of the perigee, produce an addition to the mean 
motion of 4;38°.°* The 129;5° of the moon’s anomaly on the epicycle, when its 
[true] motion is least, [i-e. distributed symmetrically] either side of the apogee, 
produce a decrement from the mean motion of 8;40°. Therefore over the period 
of 5 mean synodic months during which the sun has its greatest possible motion 
and the moon its least, the moon will still be in advance of the sun by the sum of 
both [above equations of] anomaly, i.e. 13;18°. We take 7th of this (for the 
reasons explained above [p. 286]), and get about 1;6° for the additional motion 
of the sun before the moon overtakes it. So, since it has an additional 4;38° of 
motion from its own anomaly, and another 1;6° from the motion needed for 
overtaking [the sun] at true syzygy, the greatest possible 5-month interval will 
be greater than the mean by 5;44° of longitude. Hence the moon’s additional 
motion in latitude on its inclined circle will be about the same amount [5;44°] 
over the mean motion in latitude in 5 months, which comes to about 153;21°. 
Thus the true motion in latitude over the greatest possible 5-month interval 
comes to 159;5°. 

But the ecliptic limits of the moon for the moon’s mean distance enclose about 
1° (either side of the ecliptic) of the great circle drawn through the poles of the 
moon’s inclined circle; for at the moon’s least distance [the corresponding 
amount] is 1;3,36°, and at its greatest distance 0;56,24°;°* thus [the ecliptic 
limits enclose] 11;30° of the inclined circle either side of the nodes, and hence 
the anecliptic arc between them comprises 157;0°. This amount is 2;5° less than 
the 159;5° of the [moon’s] inclined circle which is the increment over the 
greatest possible 5-month interval. From these considerations it is clear that, if 
one takes the longest possible 5-month interval, the moon can be eclipsed at the 
opposition at the beginning of that interval, while it is receding from either of 
the nodes, and then be eclipsed again at the opposition at the end of the interval, 
while it is approaching the opposite node. The obscuration will take place from 
the same side of the ecliptic (never from opposite sides) in both eclipses. 

Thus we have shown that the longest possible 5-month interval can produce 
two lunar eclipses. However, it is impossible for this to occur if 7 months 
intervene, even if we assume the shortest possible 7-month interval, namely that 
in which the sun has its least motion and the moon its greatest. We can see this 
by the same method as above. 

For in the mean 7-month interval the increments in motion are as follows: 

mean motion in longitude of both luminaries: 203;45° 

moon’s motion on the epicycle: 180;43°. 

The sun’s 203:45°, when its { true] motion is least, [i-e. distributedsymmetrically | 
either side of the apogee, produce a decrement from the mean motion of 4;42°, 
while the 180;43° of the moon’s [anomaly] on the epicycle, when its [true] 
motion is greatest, [i.e. distributed symmetrically] either side of the perigee, 
produce an addition to the mean motion of 9,58°. Therefore over the period of 7 


321 . the solar equation is -2;19° at a solar anomaly of 180° - (145;32+2)°, or 107;14°, and +2;19° 
at the symmetric position of 252;46°. The corresponding true longitudes are 65;30° greater, or 
about m 20° and # 20°, cf. p. 290. 

33 See pp. 287 and 254. The amount is the sum of the radii of moon and shadow. At greatest 
distance this is 0;15,40° + (28 x 0;15,40)° = 0;56,24°. 
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mean synodic months in which the sun has its least possible motion and the 
moon its greatest, the moon will be beyond the sun by the sum of both [above 
equations of] anomaly, 14;40°. For the same reason [as before], we take sth of 
this, [1;13°], and add it to the decrement due to the sun’s anomaly, 4,42°. The 
result, 5,55°, gives us the approximate amount by which [the bodies’ |] motion in 
longitude over the shortest possible 7-month interval falls short of that over the 
mean 7-month interval. The moon’s motion in latitude -will fall short of that 
over the mean 7-month interval, 214;42°, by the same amount [5;55°]. So in the 
least possible 7-month interval the increment in the moon’s latitudinal motion 
on its inclined circle will be 208;47°. But the total amount of the greatest arc 
between the [ecliptic] limits of the moon at mean distance, that is the arc 
between the limit preceding one node and the limit following the other node, is 
only [180° + 2 x 11;30° =] 203°. Therefore it is impossible for the moon to be 
eclipsed at the first opposition of a 7-month interval and then to be eclipsed 
again, in any way whatever, at the last opposition of that interval, even if it is 
the shortest possible. 

We must now prove that, over the greatest possible 5-month interval, the sun 
too can be eclipsed twice for observers in the same place, and in all regions of our 
part of the inhabited world. 

In the longest possible 5-month interval, the moon’s increment in [argument 
of] latitude is, as we have shown [p. 289], 159;5°. And the arc on which solar 
eclipses cannot occur, for the moon’s mean distance, is 167;36°; for the sun’s 
ecliptic limits are 0;32,20° from the ecliptic, as measured along the great circle 
through the poles of the ecliptic, and about 6; 12°, as measured along the moon's 
inclined circle.** So it is clear that, if the moon has no parallax, the event in 
question [solar eclipses at a 5-month interval] will be impossible, since the 
anecliptic arc exceeds the motion over the longest possible 5-month interval by 
8;31° counted along the [moon’s] inclined circle, which corresponds to about 
0;45° on the [great circle] orthogonal to the ecliptic. However, at any place 
where the moon can attain a parallax so great that the parallax at either of the 
conjunctions at the two ends [of the interval], or the sum of the parallaxes at 
both conjunctions combined, exceeds 0;45°, it is possible for the conjunctions at 
both ends to produce an eclipse at that place. 

Now we have shown [p. 289] that, over the period of that mean** 5-month 
interval in which the moon has its least possible motion and the sun its greatest, 
[which 1s] from two-thirds through Virgo up to two-thirds through Aquarius,*® 
the moon is still in advance of the sun by the sum of both [equations of] anomaly, 
13;18°. It takes the moon, in mean motion, 1° 23" to move (13;18° + 15 x 13;18°).2” 


** The ecliptic limits of the sun are, in latitude, the sum of the radii of the sun (0;15,40°, p. 285) 
and the moon at mean distance (mean between 0;15,40°, p. 254, and 0;17,40°, p. 285, i.e. 0;16,40°). 
0;15,40° + 0;16,40° = 0;32,20°. The corresponding distance from the node is 113 x 0;32,20° = 6;11,50° 
=~ 6§;12°. So the anecliptic arc is (180° - 2 x 6;12°) = 167;36°. 

*'Tt is essential to read (with D,Ar) tH{¢ péong nevtaprivov at H490,16 for thc peyiotnc 
nevtoyiryvov (‘the greatest 5-month interval’), The meaning is ‘the interval of 5 mean synodic 
months’. The change to peyiotn¢ was probably made by someone who compared év Ty peyioty 
mevtaptv@ (H489,25), where the phrase is in order only because it refers to true synodic months. 
However, for a purely mechanical confusion between pécov/péytotov compare p. 292 n.43. 

36 See P: 289 n.32. 

*"In 1° 22" the moon moves 14;24,42° in longitude. 13;18° + 1;6° (p. 289) = 14:24°. 
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Hence it is clear, since the period of the mean 5-month interval is about 
147° 153°,°° that the period of the longest possible 5-month interval will be 
148° 18". Therefore the last conjunction, which takes place about two-thirds 
through Aquarius, will be earlier [in the day] than the first conjunction, which 
takes place about two-thirds through Virgo, by 6 hours (which is the difference 
[of the above period] from an integer number of days). So we have to search for 
a place and time at which, if the moon is in Virgo [ca. 20°] and also, 6 hours 
earlier, in Aquarius [ca. 20°], its parallax exceeds the above-mentioned 0;45°, 
that is, either its parallax in one of those signs taken singly, or the combined 
parallax in both of those signs. 

Now we find that the moon’s northward parallax never reaches that amount 
(under the prescribed conditions) in any place in our part of the inhabited 
world. Hence it is impossible for the sun to be eclipsed twice in the longest 
possible 5-month interval when the moon’s position is to the south of the 
ecliptic, that is when it is receding from the descending node at the first 
conjunction and approaching the ascending node at the last. However, it can 
achieve a southward parallax of this amount, in all regions (beginning almost at 
the equator, and going northwards), if one takes the combined parallax at both 
the above signs with a 6-hour difference. This occurs when mp 20° is at the 
setting-point at the first conjunction, and #* 20° in the meridian at the second 
conjunction. For in those situations we find the following approximate 


southward parallaxes, for the moon at mean distance (subtracting the solar 
parallax):°9 
D) inm >) in 
at the equator O22 Wi iga 
where the longest day is 123" 0275 0:22? 


Thus already in latter region the combined parallaxes exceed the 0;45° in 
question by 4 minutes. And since the southward parallax increases as one takes 
regions farther north, it is obvious that there will be an increasing possibility, [as 
one goes to regions farther north, | for the sun to be eclipsed for the inhabitants of 
those regions twice in the longest possible 5-month interval. However, this can 
happen only while the moon’s position is to the north of the ecliptic, that is when 
it is receding from the ascending node at the first eclipse and approaching the 
descending node at the second. 

I say, furthermore, that it is possible for the sun to be eclipsed twice for 
observers in the same place also in the shortest 7-month interval. For, as we 
have shown [p. 290], the moon’s motion in [argument of] latitude over the 
shortest 7-month interval is 208;47°. And the greatest arc of the [moon’s] 
inclined circle intercepted between [two] ecliptic limits (which is the arc 
between the limit preceding one node and the limit succeeding the opposite 
node) is, for the sun when the moon is at mean distance, 192;24°.*° So it is again 
clear that, if the moon has no parallax, the event in question cannot take place, 
since the arc of the [moon’s] inclined circle covered in the shortest 7-month 


38 Result of multiplying 29;31;50,8,20° by 5. More accurate would be 153°, 

39 The details of the computation of these are given in the commentary of Pappus (Rome [1] I 
225-9), who finds 0;29° instead of 0;27°. 

#9 Te. 180° + 2x6;12°. Cf. p. 290 n.34. 
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interval exceeds the greatest arc cut off between the sun’s ecliptic limits by 
16;23°, as measured on the inclined circle, [which corresponds to] 1;25° on the 
circle through the poles of the ecliptic. But in any place where the moon’s 
parallax is great enough so that the parallax at either of the conjunctions at the 
two ends [of the interval], or the sum of the parallaxes at both conjunctions 
combined, exceeds 1;25°, it is possible for the conjunctions at both ends to 
produce an eclipse at that place. 

Now we have shown [p. 290] that, over the period of that mean 7-month interval 
in which the moon has its greatest [true] motion, and the sun its least, [which is] 
from the end of Aquarius to the middle of Virgo,*' the moon, in true motion, has 
already overtaken the sun by 14;40°. The moon in mean motion traverses 
(14;40 + 75 x 14;40)° in 1° 5°.2 Hence, since the period of the mean 7-month 
interval comprises about 206° 17", the period of the shortest possible 7-month 
interval will be 205° 12". Therefore, the last conjunction, which takes place 
about the middle of Virgo, will be 12 hours later.[in the day] than the first 
conjunction, which takes place about the end of Aquarius. So we have to search 
for a place and time at which the moon’s parallax can exceed 1;25°, either at 
one of those situations singly or at both situations combined, when the two 
situations are separated by 12 hours, i.e. one sign is setting and the other rising 
(for otherwise it will be impossible for both eclipses to occur above the horizon). 

Now, again, it is impossible for the moon to achieve a northward parallax of 

“that amount for any region in our part of the inhabited world, since, even for 
those living directly below the equator, the [northward] parallax in latitude at 
the [moon’s] mean* distance never exceeds 23 minutes. Hence it is impossible 
for the sun to be eclipsed twice in the shortest 7-month interval when the moon’s 
position is to the south of the ecliptic, i.e. when it is approaching the ascending 
node at the first conjunction and receding from the descending node at the last 
conjunction. But we find that a southward parallax of that amount [i.e. greater 
than 1;25°] is achieved [for regions north of a latitude which is] approximately 
the parallel through Rhodes, when the end of Aquarius is rising and the middle 
of Virgo is setting. For in Rhodes, and those regions beneath the same parallel, 
at both of the above situations the parallax of the moon at mean distance (with 
the solar parallax subtracted) is about 0;46° southwards.** Thus already in 
these regions the sum of the parallaxes at both conjunctions is greater than 
1;25°. And since for regions yet farther north than this parallel the southward 
parallax is greater, it is obvious that for the inhabitants of those regions an 


“1 Cf. p. 289 n.32. Here the longitudes are given by 

65;30° F }(203;45° - 449°) = ie 25;58%° 
in , : : mm 15;13°. 

Nin 165" =15355,17%. 1 x 1440 = 15353)20°. 

Reading pécov (with Ar) for péyiotov (‘greatest distance’) at H494,12. The reading is 
multiply guaranteed: Ptolemy uses the moon’s mean distance throughout this section (cf. pp. 289, 
290); taking the greatest distance decreases the parallax (which is in conflict with the argument here). 
Numerically, from Table V 18, for a zenith distance of 24° (the maximum zenith distance of the 
ecliptic at the terrestrial equator) the parallax (lunar minus solar) at mean distance is 0;22,6 +4 x 
0;4,18 ~ 0;1,9 = 0;23,6° (likewise at minimum distance it is 0;22,6 + 0;4,18 — 0;1,9 = 0;25,15°, cf. 
p. 294). Corrected by Manitius. 

“'A somewhat unsatisfactory numerical verification of this (using the Handy Tables) is in 
Pappus’ commentary (Rome{1] I 232-4). 


VI 6. Solar eclipses at 1-month interval 295 


eclipse of the sun can be observed twice in the shortest 7-month interval. 
However, this is, again, possible only when the moon’s position is north of the 
ecliptic, i.e. when it is approaching the descending node at the first eclipse and 
receding from the ascending node at the second. 

It remains for us to prove that it is impossible for the sun to be eclipsed twice 
at one month’s interval in our part of the inhabited world, either [for observers] 
at the same latitude or at different latitudes, even if one assumes a combination 
of conditions which could not in fact all hold true at the same time, but which 
may be lumped together in a vain attempt to provide a possibility of the event in 
question happening. These assumptions are, that the moon is at least distance 
(to make its parallax greater); that the month is the shortest possible (so that the 
amount by which the month’s motion in latitude exceeds the distance between 
the sun’s ecliptic limits be as small as possible);*? and that we use, without 
analysis [of whether it is a possible situation], those times and zodiacal signs in 
which the moon’s apparent parallax is greatest. 

Now in | mean synodic month the mean motions of the bodies are as follows: 

increment of motion in longitude for both luminaries: 29;6° 

moon’s [anomaly] on the epicycle: Pa ew) 

The 29;6° of the sun’s motion, [when distributed symmetrically] either side of 
the apogee to produce its least [true] motion, result in an equation of- 1;8° from 
the mean. And the 25;49° of the moon’s motion, [when distributed symmetri- 
cally] either side of the perigee to produce its greatest [true] motion, result in an 
equation of +2;28° to the mean. In accordance with our previous 
demonstration, we take the sum of both equations of anomaly, 3;36°, and add 
sth of this, 0;18°, to the amount by which the sun was behind [i.e. 1;8°]. This 
gives us 1;26° for the amount by which the motion over the shortest month in 
longitude and {argument of] latitude is exceeded by that in 1 mean synodic 
month. Therefore, since the motion in latitude during one mean synodic month 
is 30;40°, that in the shortest month is 29;14°, which corresponds to about 2;33° 
on the great circle perpendicular to the ecliptic. But the total amount of [the 
corresponding distance at] the sun’s ecliptic limits when the moon is at least 
distance is 1;6°,*° which the shortest-month distance exceeds by 127°. 
Therefore, if the sun is to be eclipsed twice at an interval of | month, it would be 
absolutely necessary either for the moon to have no parallax at one conjunction 
and more than 1;27° at the other, or, secondly, for the parallax at both 
conjunctions to be in the same direction and for the difference between the 
parallaxes to be greater than 1;27°, or, [thirdly], for the parallax at one 
conjunction to be towards the north and the parallax at the other to be towards 
the south, while their sum exceeded that amount [1;27°]. But nowhere on earth 


does the moon at syzygy, even at its least distance, have a latitudinal parallax of 


more than 1° (when the solar parallax is subtracted). Therefore it will not be 
possible for a solar eclipse to occur twice at the interval of the shortest month 


45 As Ptolemy implies, these two conditions cannot both hold: for the moon, to achieve greatest 
parallax, has to be at the perigee of the epicycle, but to produce the shortest month (see below) has 
to be at symmetrical positions either side of the perigee. 

46 The sum of the radii of sun and moon at least distance is 0;33,20° (p. 285). Ptolemy rounds this 
to 0;33° and doubles it (since we are dealing with two eclipses). 
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either when the moon has no parallax at one conjunction or when its parallax is 
in the same direction at both conjunctions. For the difference between the 
parallaxes cannot exceed 1°, and we need 1;27°. Hence the event in question 
could occur only under the condition that the two parallaxes are in opposite 


H498 directions, and that the sum of both exceed 1;27°. This could happen for parts of 


H499 


the inhabited zones in different [parts of the earth], since it is possible for the 
southward parallax of the moon in the regions north of the equator, in our part 
of the inhabited world, and the northward parallax in the regions south of the 
equator, among the so-called ‘antipodes’, to reach as much as 1° (with 
subtraction of the solar parallax).*” However, it could never happen in the same 
part of the inhabited world, since in both [oikoumenai] alike, for those situated 
directly beneath the equator, the maximum parallax of the moon, both to the 
north and to the south, does not exceed 25’ ,*® and for those at the extreme north, 
or extreme south [respectively of their oikoumene] the parallax in the opposite 
direction does not exceed the above-mentioned 1°, so that even in this case [1.e. 
taking the equator and the extreme northern or southern limits] the sum of the 
parallaxes is still less than 1;27°. And since both opposite parallaxes become 
progressively much smaller in regions between the equator and the other 
extreme [of each oikoumene], the impossibility becomes ever greater for such 
regions. Therefore it is impossible for the sun to be eclipsed twice in one month 
for the same observers anywhere on earth, or for different observers in the same 
‘part of the inhabited world. This was what we intended to prove. 


7. {Construction of eclipse tables}*” 


By means of the above it has become clear to us which intervals between 
syzygies should be taken into account when we are examining for eclipses. Now, 
after having determined the times of mid-eclipse at these [syzygies], and 
computed the moon’s positions at that moment, (the apparent positions at 
conjunctions and the true positions at oppositions), we want to have a 
convenient means of determining, from the moon’s position in latitude, which 
of those syzygies will definitely produce an eclipse, and the magnitudes and 
times of obscuration for these eclipses. To solve this problem we have 
constructed tables, two for solar eclipses and two for lunar eclipses ([in each 
case] one for the moon’s greatest distance and one for its least distance). The 
interval which we establish [between successive entries in the tables] is 


“This was already shown by Hipparchus, as is clear from Pliny, N HI157, a passage which shows 
that Hipparchus had anticipated Ptolemy in the investigation of the topic of eclipse intervals. Cf. 
HAMA 322. The word I have translated ‘antipodes’ is dvtiy8ovec (‘[people in} the opposite [ part of 
the] earth’). See LSJ s.v. 2. I have excised dnd 0 KE at H498,8. This would have to mean ‘to be be- 
tween the limits of 0;25° and 1°, which is nonsense, since the lower limit is zero. The phrase was 
interpolated by someone who misunderstood this use of péyp1, and took the 25’ (senseless in this 
context) from just below. 

8 Cf. p. 292 n.43. 

"See HAMA 134-41, Pedersen 231-5, 
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determined by the amount of obscuration, being ith of the diameter of 


whichever of the luminaries is eclipsed.°° 

The first table for solar eclipses, which covers the interval between the limits 
of eclipses at the moon’s greatest distance, will be arranged on 25 lines in 4 
columns. The first two columns will contain the apparent position of the moon 
in [argument of] latitude on the [mvon’s] inclined circle for each [unit of] 
obscuration. Since the sun’s diameter is 0;31,20°, and, as was proven he: 254 | nthe 
moon’s diameter at its greatest distance is also 0;31,20°, it follows that when the 
moon’s apparent centre is 9;31,20° from the sun’s centre on the great circle 
through both their centres, (and thus is 6° from the node along its inclined 
circle, according to the previous ratio, 11;30: 1), that will be the situation in 
which the moon just touches the sun. So in the first line of the first column we 
put ‘84°’, and in the first line of the second column, ‘276°’; again, in the last line 
of the first column we put ‘96°’, and in the last line of the second column, ‘264°’. 

Furthermore, since the amount of the [moon’s] inclined circle which 
corresponds to ith of the solar diameter is about 0;30°,°! we increase or decrease 
the entries in the above-mentioned two columns by that amount, beginning 
from the lines at both ends and going towards the middle. On the middle line we 
put ‘90° and ‘270°’. 

The third column will contain the magnitude of the obscuration. On the two 
lines at top and bottom we put the ‘0’ representing the touching position, on the 
two lines next to those ‘] digit’ (representing 73th of the diameter), and so forth 
for the rest, with an increment [from line to linc] of] digit up to the middle line, 
which will receive the entry ‘12 digits’. 

‘The fourth column will contain the distance travelled by the centre of the 
moon corresponding to each [tabulated] obscuration, without however taking 
into account either the sun’s additional motion [during the phase of the eclipse] 
or the moon’s epiparallax [i.e. the change in the moon’s parallax}. 

The second table for solar eclipses, which covers the interval between the 
limits of eclipses at the moon’s least distance, will be arranged in the same way 
as the first, except that it will have 27 lines in 4 columns. The moon’s radius at its 
least distance is, as we have shown [p. 284], 0;17,40° where the sun’s radius is 
0;15,40°. So when the moon [at least distance] is just touching the sun, its 
apparent centre is 0;33,20° from the sun’s centre, and 6;24° from the node along 
its inclined circle. So” the entries for the apparent [argument of] latitude in the 
top and bottom lines are ‘83;36°, 276;24°’, and ‘96;24°, 263;36° [respectively ], 


501 e. the intervals between successive arguments in the tables (cols. | and 2 in Table VI 8) is 
determined by taking integer values of the magnitude (col. 3), in contrast with the normal 
procedure, in which one takes the argument at purely arbitrary intervals. This is more of a 
convenience for the compiler of the tables than for the user, but it persisted in eclipse tables of the 
Handy Tables and in many of the mediaeval tables derived from them (see e.g. Toomer [10] no. 59 p. 
88). 

"953,20 114 = 0;30,2 > 0;30. 

5? Heiberg’s text in this paragraph is in disarray. To produce a logical sequence, insert a 
strong stop at the end of 501,9, begin the next sentence (Kai) 51a (with Ar), remove the strong 
stop at the end of 501,17, and excise the yap (with D,Ar) in 501,18. 
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and the entry for the digits on the middle line, if we use linear extrapolation, will 
be 12% digits. For this entry there will also be a duration of totality.” 

Each of the lunar [eclipse] tables will be arranged in 45 lines and 5 columns. 
In the first table we will tabulate the [argument of] latitude for greatest distance 
of the moon. The moon’s radius at its greatest distance is, as we showed [p. 254], 
0;15,40°, and the radius of the shadow, 0;40,44°. So, when the moon is just 
touching the shadow, the moon’s centre is 0;56,24° from the shadow’s centre 
along the great circle through both centres, and 10;48° from the node along the 
[moon’s] inclined circle. So we put, on the first line, *79;12° [in the first column] 
and ‘280;48° [in the second column], and on the last line ‘100;48°’ and 
259;12°’. By the same reasoning as in the first [solar table], we increase or 
decrease each line by 0;30°, which corresponds to ith of the lunar diameter for 
that distance. 

In the second table we will tabulate the [argument of] latitude for the moon 
at least distance, at which, as was shown [p. 284], its radius is 0;17,40°, and the 
radius of the shadow 0;45,56°. Therefore, when the moon just touches the 
shadow, its centre is, by the same argument as before, | ;3,36° from the centre of 
the shadow, and 12;12° from the node along the moon’s inclined circle. Hence 
we put, on the first line, “77;48° and ‘282;12°’, and, on the last line, ‘102;12° 
and ‘257;48°’, and again increase or decrease the entries by the amount 
corresponding to 75th of the lunar diameter for that distance, [namely] 0;34°. 

The third column [in each table], for the digits, will be arranged in the same 
way as that in the solar tables. So too will be the succeeding columns, which 
contain the travel of the moon for each [tabulated] obscuration, namely [the 
fourth column] for both immersion and emersion, and a‘so [the fifth column] for 
half of totality. 

We computed the travel of the moon tabulated for each obscuration 
geometrically, but as if [the problem were confined to] a single plane and 
straight lines, since such small arcs do not differ sensibly from the corresponding 
chords, and furthermore the moon’s motion on its inclined circle is not 
noticeably different from its motion with respect to the ecliptic. 

[I say this] in case anyone should suppose that we do not realise that, in 
general, the moon’s motion in longitude is affected by the use of arcs of the inclined 
circle instead of arcs of the ecliptic, and also that it does not follow that the time 
of syzygy is exactly the same as the time of mid-eclipse. [To illustrate this, see 
Fig. 6.2], we cut off from the node A two equal arcs of the circles in question 
[orbit and ecliptic], AB and AG, join BG and from B draw BD perpendicular to 
AG. Then it is immediately obvious that, if we suppose the moon at B, when we 
use arc AG of the ecliptic instead of arc AD, then, since motion with respect to 
the ecliptic is determined by [the great circle] through the poles of the ecliptic, 
the difference [in longitude] due to the inclination of the lunar orbit will be GD. 


The interval of argument corresponding to ! digit of eclipse magnitude is 0;30° elsewhere in the 
table. Since the interval here is 0;24°, the corresponding amount in digits is 3. Accurate 
computation from the radii 0;17,40° and 0;15,40° gives the magnitude of the maximum solar eclipse 
as 12;46". The amount beyond 12 digits represents the ‘duration of totality’ (uovy), as in lunar 
eclipses. See also p. 305 n.63. 
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G D A 


Fig. 6.2 


Or again, if we imagine the sun or the centre of the shadow at B,** the time of 


syzygy will occur when the moon is at G ([we can say this} since the difference 
due to the two circles [ecliptic and orbit} is negligible), but the time of mid- 
eclipse when the moon is at D, since, again, the time of mid-eclipse is defined by 
the circle through the poles of the moon’s orbit. And [thus] the time of syzygy 
will differ from the time of mid-eclipse by arc GD. 


Fig. J 


The reason that we did not take these arcs into account in our derivations of 
the individual [entries] is that the differences they cause are small and 
imperceptible. While it would be absurd not to recognise any of these effects, on 
the other hand, when one considers the resulting complication in the methods 
necessary to deal with each of them, deliberate neglect of effects small enough to 
be overlooked both in theory and observation evokes [in the reader] a strong 
feeling of the advantage of greater simplicity, and no regret, or little, for the 
resulting error in representing the phenomena. In any case, we find that the are 
corresponding to GD does not, in general, exceed 0;5°. This can be 
demonstrated by means of the same theorem which we used [I 16] to calculate 
the difference between arcs of the equator and corresponding arcs of the 
ecliptic, as defined by a [great] circle drawn through the poles of the equator. 
And in eclipses [the arc corresponding to GD] does not exceed 2’. For, if we take 


541 e. the two arcs are now interchanged, AB being the ecliptic and AG the moon’s orbit. Instead 
of using the same figure, Ptolemy should have drawn another one, in which GB is perpendicular to 
AB (i.e. AB¥ AG). Compare Fig. J (taken from Manitius 452-53), which shows that the true syzygy 
(at G) precedes the eclipse-middle (at D) before the node, but succeeds it after the node. 
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arc AB = arc AG = 12°, which is the maximum amount of the moon’s distance 
[from the node] at eclipses, then BD is about 1°. And hence AD is about 11;58°, 
and, by subtraction, GD is 2’, which corresponds to less than isth of an 
equinoctial hour.®® Scrupulous accuracy about such a small amount is a sign of 
vain conceit rather than love of truth. 

For the above reasons we have computed the travel of the moon during the 
obscurations in question as if the circles [of ecliptic and orbit] were sensibly 
identical. The method of calculation, to give one or two examples, is as follows. 

Let [Fig. 6.3}°° A be the centre of the sun or the shadow, and BGD the straight 
line representing the arc of the moon’s [inclined] circle. Let the points 
representing the moon’s centre when it is just touching the sun or the shadow 
le, at the moon’s approach [i-e. at first contact] B, and at its recession [i.e. at last 
contact] D. Join AB and AD, and drop perpendicular AG from A on to BD. 


A 


| B G D 


Fig. 6.3 


Now it is clear that eclipse middle and greatest obscuration occur when the 
centre of the moon is at G, because [1] AB equals AD, and hence the distances 
travelled, BG and GD, are also equal, and because [2] AG 1s the least of all lines 
joining the two centres [when the moon is] on BD. It is also clear that AB and 
AD each comprise the sum of the radii of moon and sun or [moon and] shadow, 
and that each of them exceeds AG by that part of the diameter of the eclipsed 
body which is cut off by the obscuration. 

This being the case, let the obscuration be, e.g., 3 digits. First let A represent 
the sun’s centre. 

Therefore,’ when the moon is at its greatest distance, 
AB = 31;20 minutes [p. 295]. 
-. AB? = 981;47. 
And AG = 23;30 minutes, since it is less than AB by ths 
of the sun’s diameter, i.e. 7;50 minutes. 


°° Cf. HAMA 83 n.5, estimating a maximum error of 6’ as a result of neglecting the inclination of 
the lunar orbit in computing longitudes. Using the formula tan = tan @ cos, I find, fori =5°, the © 
maximum difference between d and w as about 64’ for @ ~ 45;3°. Using the same formula for » = 
12°, I find A = 11;57,20°, hence GD =0;2,40°, which still leads to less than tsth ofan hour’s difference 
in the time of mid-eclipse. Ptolemy computes crudely BD © AB/113* 1, AD=\/12?- 12 11,58. 

°° Figs. 6.3 and 6.4 are elucidated by Figs. K and L respectively, in which the circles representing 
the sun, moon and shadow are drawn in. These are taken from Manitius, but are also very similar to 
the alternative diagrams found in ms. D. 


*’ Reading éni pév dpa (with D) for éni pév odv dpa at H507,3. 
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Fig. K 


Sera = 552215. 
Hence BG? = 429;32, 
and BG © 20;43 minutes. 
This is the amount which we will enter in the fourth column of the first table for 
solar [eclipses] opposite ‘3 digits’. 
For the moon’s least distance 
AB = 33;20 minutes [p. 295]. 
Ne = N77. 
And AG = [0;33,20° — 0;7,50° =] 25;30 minutes, 
so AG? = 650;15. 
And, by subtraction, BG? = 460;52, 
and so BG = 21;28 minutes. 
This is the amount which we will enter in the fourth column of the second table 
for solar [eclipses] opposite ‘3 digits’. 
Next let A represent the centre of the shadow, and let the obscuration be the 
same fraction as before, 4, [but now] of the lunar diameter. 
Then, for the moon’s greatest distance, 
AB = 56;24 minutes [p. 296], 
so AB? = 3180;58. H508 
and AG = 48;34 minutes, since it is less than AB by 4 of 
the lunar diameter, 1.e. (for the moon’s 
greatest distance) 7;50 minutes. 
So AG? = 2358;43. 
Hence, by subtraction, BG? = 822;15, 
and BG = 28;41 minutes. 
This is the amount which we will enter in the fourth column of the first table for 
lunar [eclipses] opposite ‘3 digits’. It represents the travel during immersion, 
which is sensibly equal to that during emersion. 
For the [moon’s] least distance 
AB = 63;36 minutes [p. 296], 
so AB? = 4044;58. 
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And AG = 54;46 minutes, since the difference [between 
AB and AG], 8;50 minutes, is, again, 3 of the 
moon’s diameter, [here] at least distance. 
AG? = 2999;23. 
So, by subtraction, BG’ = 1045;35, 
and BG = 32;20 minutes. 
This is the amount which we will enter opposite ‘3 digits’, as before, in the 
fourth column of the second table for lunar [eclipses]. 
Next, to represent those [phases of] the lunar obscurations comprising the 
duration of totality, let [Fig. 6.4] A be the centre of the shadow, and BGDEZ the 
straight line standing for the arc of the moon’s inclined circle. Let B represent 


A 


B G D E Zz 


Fig. 6.4 


the place of the centre of the moon when it is just externally tangent to the circle 


of the shadow, at approach, G the place of the centre of the moon when it is just 
internally tangent to the circle of the shadow at the beginning of totality, E the 
place of the centre of the moon when it is just internally tangent to the circle of 
the shadow as [the moon] recedes [at the end of totality], and Z the place of the 
centre of the moon when it is externally tangent to the shadow at the very end of 
its emersion [from obscuration]. Again drop perpendicular AD from A on to 
BZ. The same conclusions as before remain valid, and it is furthermore clear 


TKR 
PLLA 


Fig. L 
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that AG and AE each comprise the amount by which the radius of the shadow 
exceeds the radius of the moon. Hence the distance GD is equal to the distance 
DE, and each represents half of totality, while BG, the remainder [of BD-GD]. 
which represents the immersion, is equal to EZ, the remainder [of DZ-DE], 
which represents the emersion. 

So let us take [for an example] an eclipse for which the entry [in the table] is 
‘15 lunar digits’, i.e. one in which D, the moon’s centre [at mid-eclipse ], lies 14 H510 
lunar diameters inside the boundary set by the limits of the eclipse. That is to 
say, when 

(AB- AD)= (AZ-AD) = = 17 lunar diameters 
and (AG - AD) = (AE - AD) = 4 lunar diameter. 
Then, for the moon’s greatest distance, 
as before [p. 299], AB = 56;24 minutes and AB? = 3180;58. 
And AG = 25;4 minutes, since the moon’s diameter at 
greatest distance is 31;20 minutes. 


.. AG? = 628:20, 
and, by asimilar argument, AD = [56;24 - (31;20 + 7;50) =] 17;14 minutes and 
AD? = 296;59. 


So, by subtraction [of AD? from AB?], BD? = 2883;59, 
and BD = 53;42 minutes. 
And, by subtraction [of AD? from AG?], GD? = 331;21, 
and GD = 18;12 minutes. 
So, by subtraction, BG = 35;30 minutes. 
So we will put, opposite the entry “15 digits’ in the first table for lunar eclipses, in 
the fourth column °35;30 minutes’ for the immersion (which will be the same for 
the emersion), and, in the fifth column ‘18;12 minutes’ for half the duration of 
totality. 
For the moon’s least distance, H511 
as before [p. 299], AB = 63;36 minutes 
and AB? = 4044;58; 
AG = 28;16 minutes, since, as was shown, the 
moon’s diameter at least distance is 35;20 
minutes, 
and AG? = 799;0. 
And, by asimilarargument, AD = [63,36 - (35;20 + 8;50) =] 19;26 minutes, 
so AD? = 377;39. 
Therefore, by subtraction, BD? = 3667;19, 
and BD = 60;34 minutes. 
And, by subtraction, GD? = 421;21 
and GD = 20;32 minutes. 
So, by subtraction, BG = 40;2 minutes. 
Therefore we will put, opposite the entry ‘15 digits’ in the second table for lunar 
eclipses, in the fourth column ‘40;2 minutes’ for the immersion (which will 
again be the same for the emersion), and, in the fifth column, ‘20;32 minutes’ for 
half the duration of totality. 
In order to have a convenient way of obtaining the fraction of the difference 
[between values derived from the first and second tables] for positions of the 
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moon on the epicycle in between greatest and least distances ([ which we do] by 
the method of sixtieths [of interpolation]), we have drawn up, below the above 
tables, another little table. This contains, as argument, the position [in 
anomaly] on the epicycle, and, [as function], the corresponding number of 
sixtieths to be applied [as interpolation coefficient] in every case to the 
difference [between values] derived from”® the first and second eclipse tables. 
We have already computed the amounts of these sixtieths for the table of the 
moon’s parallax [V 18]: they are set out in the seventh column [of that table], 
since the epicycle has to be taken at the apogee of the eccentre to represent [the 
situation at] syzygy. 

But most of those who observe the [weather] indications derived from eclipses 
measure the size of the obscuration, not by the diameters of the disks [ofsun and 
moon], but, on the whole, by [the amount of] the total surface of the disks,” 
since, when one approaches the problem naively, the eye compares the whole 
part of the surface which is visible with the whole of that which is invisible. For 
this reason we have added to the above table yet another little table with 12 
lines and 3 columns. In the first column we put the digits from 1 to 12, where 
each digit represents 73th of the diameter of each luminary, as in the actual 
eclipse tables. In the other two columns we put twelfths of the whole surface- 
area corresponding to these [linear digits], those for the sun in the second, and 


those for the moon in the third. We computed these amounts only for the sizes 


[of the apparent diameters] for the moon at mean distance, since very nearly 
the same ratio will result [at other distances], given so small a variation in the 
diameters. Furthermore, we assumed that the ratio of the circumference to the 
diameter is 3;8,30 : 1, since this ratio is about half-way between 33: 1 and 347: 1, 
which Archimedes used as rough [bounds].° 
First, to represent solar eclipses, let [Fig. 6.5] the sun’s disk be ABGD on 
centre E, and the disk of the moon at mean distance AZGH on centre ©, 
intersecting the sun’s disk at points A and G. Join BEOH, and let us suppose 
that 4 of the sun’s diameter is eclipsed. 
Thus ZD = 3 where diameter BD = 12, 
and the moon’s diameter, ZH © 12;20 in the same units, according to the ratio 
15;40 : 16;40.©! 
Hence E@ = [3 (12 + 12;20) - 3 =] 9;10 in the same units. 
Therefore the circumferences of the disks are, according to the ratio | : 3;8,30, 


** Reading yivopéve for patvopéve (‘which appear from’) at H512,1. Although found in all 
Greek mss. and part of the Arabic tradition, the latter is without parallel in the A/mages!, and must 
be replaced by a word like yivopévov (palaeographically close), or ovvayopévov . Cf. e.g. 
H384,21-2, TOV yivopévowv diapopGv Ek tijc Sevtépac dvwpadrtac, H385,5-7, tHv ovvayopévov 
bnepoyGv Ex tic . . . dv@padriac, Is has ‘allati tukraju’, which supports my emendation. 

” Although there is no reason to doubt Ptolemy’s statement, I know of no surviving ancient 
eclipse magnitude which is unambiguously given in these ‘area digits’. 

a Archimedes, ‘Measurement of the Circle’, ed. Heiberg I 232-42, tr. Heath 91-8. 

*! The sun’s radius is 0;15.40° (p. 285). The moon’s radius at mean distance is the mean between 
0;15,40° and 0;17,40°, i.e. 0;16,40°. But Ptolemy has made a calculating error (cf. Manitius p. 
385 n. b) and Pappus, Rome [1] 1261): 12x (16;40/15;40) = 12:46, not 12:20. This affects the accuracy 
of every entry in the second column, but the results are so crudely rounded that it is of little 
importance. 
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Fig. 6.5 
sun’s circumference: 37;42° 
moon’s circumference: 38;46°. 


Similarly, since the product of the radius and the circumference is twice the 
area of the circle, the areas of the whole disks are: 
sun’s area: iS -6" 
moon’s area: 119;32?. 
With the above as given quantities, let the problem be to find the area of the 
surface enclosed by ADGZ, where the total area of the sun’s surface is 12 parts. 
Join AE, AO, GE, GO, and also draw perpendicular AKG. 
Now, where EO = 9;10°, 
AE=EG=6? i : 
ind AO Doe eau | OY assumption. 
Furthermore, the angle at K is right. 
Therefore, if we divide (OA? - AE’), or 2;2, by EO, we will get (K@ - EK) as 
Oyis".°? 
Hence EK comes out to 4;28? and K® to 4;42?. 
Therefore AK = KG = #?. 
Accordingly the area of triangle AEG = 17;52° H515 
and the area of triangle AOG = 18;48?. 
Furthermore, where diameter BD = 12? and ZH = 12;20°, AG = 8°; 
so where diameter BD = 120°, AG = 80?, 
and where diameter ZH = 120°, AG = 77;50?. 
Therefore the corresponding arcs are: 
arc ADG = 83;37° of circle ABGD 
and arc AZG = 80;52° of circle AZGH. 


8 For OA? - AK? = KO?, AE? - AK? = EK’; subtracting, OA® - AE? = KO? — EK? = 
(KO + EK) (KO - EK) = EO (KO - EK). 
At H514,20 I read iy y’ (with A,D?, Is) for Ty ¥ (13;3’). Corrected by Rome[1]I 262 n. (3), whence 
Neugebauer in the 2nd edn. of Manitius. 
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So, since the ratio of a circle to one of its arcs equals the ratio of the area of the 
whole circle to the area of the sector beneath that arc, 
area of sector AEGD = 26;16° where area of circle ABGD = 113;6°, 
as was shown, 
and, in the same units, area of sector AOGZ = 26;51° 
(for circle AZGH was shown to be 119532”). 
And, in the same units, we showed that 
area of triangle AEG = 17;52° 
and area of triangle AOG = 18;48°. 
Therefore, by subtraction, area of segment ADGK = 8;24° 
and area of segment AZGK = 8;3°. 
So, by addition, area of AZGD = 16;27° where area of circle ABGD = 113;6?. 
Therefore where the area of the sun’s disk equals 12’, 
the area of the eclipsed part * 12°. 
This is the amount which we will enter in the above-mentioned table in the 
second column on the line with ‘3 digits’ [as argument]. 

Again, in the same figure [Fig. 6.5], to represent lunar eclipses, let the moon’s 
disk be ABGD, and the shadow’s disk at mean [lunar] distance AZGH, and, as 
before, let 4 of the diameter of the moon be eclipsed. 

Hence, where diameter BD = 12?, the eclipsed section, ZD = 3°. 

and, according to the ratio 2;36 : 1, 


* the diameter of the shadow, ZH = 31;12?. 


Therefore EK© comes to [3(12 + 31;12) - 3 =] 18;36?. 
So the circumferences are as follows: 


moon's disk: 37;42° 
shadow’s disk: 98; 1? 
and the areas are: 
moon’s disk: 113;6° 
shadow’s disk: 764:32°. 
Here again, where EO = 18;36?, 
AE = EG= 6° 


and AO = OG = noe by assumption. 


KO - EK) = (OA? - AE*)/EO = 11:8°. 
So EK comes out to 3;44” and K® to 14;52?. 
Hence AK = KG = 4;42?. 
Accordingly, the area of triangle AEG = 17;33° 
and the area of triangle AOG = 69;52?. 
Furthermore, where diameter BD = 12° and ZH = 31;12°, AG = 9;24?. 
So where diameter BD = 120°, AG = 94°, 
and where diameter ZH = 120°, AG = 36;9?. 
Therefore the corresponding arcs are: 
arc ADG = 103;8° of circle ABGD 
and arc AZG = 35;4° of circle AZGH. 
Therefore, by the previous argument, 
area of sector AEGD = 32:24" where. as was shown. area of circle ABGD = 113:6° 
and, in the same units, area ofsector AGOZ = 74;28°, 
since area of circle AZGH was shown to be 764:32?. 
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And, as we showed, in the same units 
area of triangle AEG = 17;33? 
and area of triangle AOG = 69;52?. 
Therefore, by subtraction, area of segment ADGK = 14;51° 
and area of segment AZGK = 4;36°. 
So, by addition, the area enclosed by AZGD is 19;27° 
where the area of circle ABGD is taken as 113;6°. H518 
Therefore, where the area of the lunar disk is 12°, 
the area comprised by its eclipsed section will be about 275°. 
This is the amount which we will enter in the above-mentioned table in the 
third, lunar, column, on the line with ‘3 digits’ [as argument). 
The layout of the tables is as follows. 


8. {Eclipse tables} H519-22 


[See pp. 306-8. ] 


9. {Determination of lunar eclipses}®™* H523 


Having set out the above as a preliminary, we can predict lunar eclipses in the 
following manner. 

We set down the amounts in degrees, computed for the required opposition at 
the time of mid-syzygy at Alexandria, of the so-called anomaly, [counted] from 
the apogee of the epicycle, and the [argument of] latitude, [counted] from the 
northern limit. Having corrected the latter by means of the equation [of 
anomaly], we first enter with this corrected [argument of] latitude into the 
tables for lunar eclipses. Ifit falls within the range of the numbers in the first two 
columns, we take the amounts corresponding to the argument of latitude in the 
columns for the [lunar] travel and the column for the digits [of magnitude] in 
both tables, and write them down separately. Then, with the anomaly as 


63 There are a number of individual errors in these tables, but it is not always certain which are 
due to corruption and which to Ptolemy’s faulty computation. Certain scribal errors (corrected in 
the translation) are: 

Solar eclipse, least distance col. 4, arg. 90;0. Heiberg (H519,20) prints this (following most Greek 
mss.) as Ay «B 0, i.e. 33;22,0. It was originally two entries, 33;20 (correctly computed) and 2;0, 
where the first represents the immersion, and the second the duration of totality (uovy)), computed 
from the difference between lunar and solar radii, 17;40’ and 15;40’. There is a reference to this on 
p. 296 (H501,23), but I suspect both that remark and the entry 2;0 here of being interpolations. 
Most Arabic mss. have just 33;20. 

Lunar eclipse, least distance col. 5, args. 89;8 and 90;52, read x¢ vp for «C B (27;42) at H521,27 (with 
D, Ar) and H521,3] (with Ar). Same col., for arg. 90;0, read Ky 1c for Kn ¢ (28;6) at H521,29, with 
D.Ar. 

Lunar eclipse, col. 3, for arg. 90;0, text has teAeia (all mss. except P, which has ‘21’). From the 
ratio shadow to moon of 22 : | one finds the maximum magnitude ofa lunar eclipse as 21;36 digits 
in all cases. From Ptolemy’s interpolation method (cf. p. 296 n.53) one finds 21;36 at greatest 
distance and about 21;32 at least distance. 

54 See HAMA 138-9 (with computed examples), Pedersen 234-5, and Appendix A, Example 11. 
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argument, we enter into the correction table, and take the corresponding 
number of sixtieths. We then take this fraction of the difference between the 
[two sets of] digits, [derived from] the two tables, which we wrote down, and 
also of the difference between the [two sets of] minutes of travel, and add the 
results to the amounts derived from the first table. If, however, it happens that 
the argument of latitude falls within the range of the second table only, we take [as 
final result] the appropriate fraction (determined by the number of sixtieths 
found [from the correction table]) of the digits and minutes [of travel] 
corresponding [to the argument of latitude] in the second table alone. The 
number of digits which we find asa result of the above correction will give us the 
magnitude of the obscuration, in twelfths of the lunar diameter, at mid-eclipse. 

As for the minutes [of travel] resulting from the same correction, we always 
increase them by 75th, to allow for the sun’s additional motion [during the phase 
of the eclipse], and divide the result by the moon’s anomalistic [i.e. true] hourly 
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Table of Correction : 


1 2 3 
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motion at that point.” The results of the division will give us the duration of 
each phase of the eclipse in equinoctial hours: the result derived from the fourth 
column will give the duration of the immersion (and also that of the emersion 
likewise); and the result derived from the fifth column will give the duration of 
half of the totality. The times of entry and exit at beginning and end [of the 
various phases] can be derived immediately by adding or subtracting the 
individual durations to or from the time of the middle of totality, that is, 
approximately, the time of true opposition. We can also immediately find the 
area digits by entering with the digits of the diameter into the final small table 


°° This will already have been determined in the computation of the time of the true syzygy (cf.p. 
282). 
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and taking the corresponding amount in the third column (and similarly for 
solar eclipses by taking the corresponding amount in the second column). 

Now reason informs us that the time interval from the beginning of an eclipse 
to its middle is not always equal to the time interval from mid-eclipse to the end, 
because of solar and lunar anomaly, the effect of which is that equal distances 
are covered [by the bodies] in unequal times. However, as far as the senses are 
concerned, no noticeable error with respect to the phenomena would result 
from supposing these intervals equal in time. For, even when [the luminaries] 
are near mean speed, where the change [in speed] resulting from an [equal] 
increment [in the argument] is greater [than elsewhere], the motion over the 
number of hours represented by the whole duration of [even] the maximum 
possible eclipse does not exhibit the least noticeable difference [in duration] due 
to the change [in speed]. 

Furthermore, we can [now] see, by examining the matter on the above basis, 
that we were quite right to reject as erroneous the period for the moon’s [return 
in] latitude which Hipparchus demonstrated. [As we saw, p. 207,] the 
increment [in argument of latitude] between the [two] eclipses which he set out 
appeared smaller according to his hypothesis, whereas according to our 
calculations it was found to be greater.© 

To demonstrate his thesis [of the period of return in latitude], he chose two 
eclipses with an interval between them of 7160 [synodic] months, in both of 
which it happened that a quarter of the moon’s diameter was eclipsed, at the 
same distance from the ascending node. The first of these was observed in the 
second year of Mardokempad and the second in the thirty-seventh year of the 
Third Kallippic Cycle.*’ In order to demonstrate the return [in latitude], he 
makes the assumption that each eclipse exhibits the same position in mean 
argument of latitude,®* on the grounds that the first eclipse occurred when the 
moon was at the apogee of the epicycle, and the second when it was at the 
perigee, and hence, he thought, the anomaly had no effect. However, his first 
mistake is in this very point, since there indeed was a considerable effect from 
the anomaly: the mean motion was greater than the true at both eclipses, [and] 
not by an equal amount, but by about 1° in the first eclipse, andg° in the second 
eclipse. Thus, in this respect, the period in latitude [between the two eclipses] 
falls short of an integer number of returns by 8° of the moon’s orbit. 
Furthermore, he failed to take into account the effect of the lunar distance on 
the size of the obscuration, although the difference [due to this effect] was the 
greatest possible between [precisely] these eclipses, since the first occurred when 
the moon was at its greatest distance, and the second when it was at its least. For 


66 The increment in argument of latitude over the 211438" 23" between the two eclipses 
mentioned below is, according to Hipparchus’ value for the mean motion, only about 3’ beyond 
complete revolutions, but about 12’ according to Ptolemy’s value. 

6? These are the eclipses of -719 Mar. 8 and - 140 Jan. 27, both of which have been used before: 
see IV 6 p. 191, IV 9 p. 208, and VI 5 p. 284, q.v. for details of the anomaly. See also, for the first 
eclipse, Appendix A, Example 11. 

®8 Literally ‘the same position in latitude is comprised at each of the eclipses, from uniform 
[motion] (£6 6paA0d)’. On the assumption that the moon was precisely at apogee and perigee of the 
epicycle, then (in Hipparchus’ simple lunar hypothesis) the true position of the moon coincides with 
the mean. 
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the same obscuration, of 4 [of the diameter], must necessarily result at a lesser 
distance from the ascending node at the first eclipse, and a greater distance at 
the second. We have shown that the difference between these distances comes to 
14°.°9 Hence, in this respect, the period of latitude exceeds an integer number of 
returns by that amount [14°]. Thus, with respect to the absolute error, the 
return in latitude would have been out by about two degrees (the sum of the 
[above] two errors), if it happened that the effect of both had been 
subtractive or additive. However, since one had the effect of falling short of a 
return and the other of exceeding a return, by a chance stroke of good luck 
(perhaps Hipparchus too noticed that these effects counterbalance each other 
somewhat) it turns out that the {motion in latitude] exceeds an [exact] return by 
only the difference between the [two] errors, [or] a third of a degree. 


10. {Determination of solar eclipses}”° 


Correct prediction of lunar eclipses can be achieved merely by the above, if the 
computations are carried out accurately in the way described. Solar eclipses, 
however, with which we deal next, are more complicated to predict because of 
lunar parallax. We will do it as follows. 

We determine the number of equinectial hours by which the time of true 


_syzygy at Alexandria precedes or follows noon. Then, if the geographical 


position in question, {i.e.] that of the required place, is different [from that], i.e. 
if it does not lie beneath the same meridian as Alexandria, we add or 
subtract the difference in longitude between the two meridians, expressed in 
equinoctial hours, and [thus] decide how many hours before or after noon the 
true syzygy occurred at that place too. Then we determine, first, the time of 
apparent syzygy (which will be approximately the same as mid-eclipse) at the 
required geographical location, by applying the method of computing 
parallaxes which we explained previously [V 19], [as follows]. 

We enter the Table of Angles [II 13] and the Table of Parallaxes [V 18], using 
{as arguments] the appropriate latitude, distance in hours from the meridian, 
point on the ecliptic where the conjunction occurred, and also distance of the 
moon. We thus find, first, the moon’s parallax along the great circle drawn 
through the zenith and the moon’s centre. We always subtract from this that 
solar parallax which is on the same line, and from the result determine, inthe way 
indicated, the component of parallax in longitude by itself, which is computed 
by means of the angle we found [from the table] between the ecliptic and the great 
circle through the zenith. We always add to this [longitudinal parallax] the incre- 
ment of ‘epiparallax’ corresponding to the number of equinoctial hours 
represented by the longitudinal parallax. This epiparallax is determined as 
follows. We take the difference (as determined from the same table) between the 
parallax corresponding to the original zenith distance and the parallax 


From Table VI 8, moon, entries for magnitude 3 digits: greatest distance, @ = 80;42°, least 
distance, @ = 79;30°; difference 1;12°. 
See Appendix A, Example 12. 
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corresponding to the zenith distance after the passage of the number of 
equinoctial hours [represented by the longitudinal parallax]. We take the 
longitudinal component of this by itself, plus an additional amount (if it is 
significant) which is the same fraction of the latter as the latter is of the original 
[longitudinal] parallax.’ To the total parallax in longitude, computed in this 
way, we add 7th of itself, to account for the additional motion of the sun, and 
convert the total to equinoctial hours by dividing it by the moon’s true hourly 
motion at the conjunction. If the longitudinal parallax we found is towards the 
rear [i.e. in the order] of the signs (we explained previously [p. 267] how to 
determine this), we subtract the amount in degrees which we had converted 
into equinoctial hours from the moon’s position, as previously determined, at 
the moment of true conjunction, in longitude, latitude and anomaly (each 
separately): this gives us the [corresponding] true positions of the moon at the 
moment of apparent conjunction, while the number of hours itself [resulting 
from the above computation] tells us by how much the apparent conjunction 
precedes the true. But if the longitudinal parallax we found is in advance [i.e. in 
the reverse order] of the signs, contrariwise, we add the amount in degrees to the 
position, as previously determined, at the moment of true conjunction, in 
longitude, latitude and anomaly (each separately); and the number of hours 
will give us the amount by which the apparent conjunction is later than the true. 

Next, using the same methods, we determine from the distance in equinoctial 
hours of the apparent conjunction from the meridian, first, what the moon’s 
parallax is measured along the great circle through the moon and the zenith. 
From the result we subtract the solar parallax for the same argument, and use 
this result to determine, as before, (by means of the angle formed between the 
circles {of ecliptic and altitude] at that moment), the latitudinal parallax [1.e. 
the parallax] along a circle orthogonal to the ecliptic. We convert the result toa 
distance along {the moon’s] inclined circle, i.e. we multiply it by 12.” If the 
effect of the latitudinal parallax is northwards with respect to the ecliptic, we 
add the result to the previously determined true position in [argument of] 
latitude at the moment of apparent conjunction when the moon is near the 
ascending node, but subtract it when the moon is near the descending node. 
Contrariwise, if the effect of the latitudinal parallax 1s southwards with respect 
to the ecliptic, we subtract the distance derived from the parallax from the 
previously determined position in [argument of] latitude at the moment of 
apparent conjunction, when the moon is near the ascending node, but add it 
when the moon is near the descending node. 

We thus obtain the amount of apparent [argument of] latitude at the 
moment of apparent conjunction. With this as argument, we enter the solar 
eclipse tables, and if our argument falls within the range of the numbers in the 


71 1.e. suppose the original longitudinal parallax to be 1: this gives us a correction to the time of 
conjunction (for the method of computing which see below), and hence a new zenith distance, 
which will lead to a new lenaatielinall parallax |,. Ptolemy’s rule ts: form |, — 1; = e. Then the 
‘epiparallax’ e’ is given by e’ = e+e lcs ],), and the final longitudinal parallax by 
Pad, pel = 1, + (1p —-1,). + (lp = 1,)*/1). 

72 From Ptolemy’s earlier practice (e.g. VI 5 p. 286 with n.26) one would expect ‘113’, and 
this is indeed found in the Arabic tradition (Q, Ger). However, the crudity of the approximation to 
1/sin 5° is almost negligible when one considers that the latitudinal parallax is usually small. 
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first two columns, we can say that there will be a solar eclipse, and that its 
middle coincides approximately with the moment defining apparent conjunc- 
tion. So we set down separately the amounts of the [magnitude in] digits and the 
minutes of immersion and emersion corresponding to the argument of latitude, 
as derived from each of the two tables, then enter, with the distance of the moon 
in anomaly from the apogee [of the epicycle] at the apparent conjunction, into 
the table of correction, take the corresponding number of minutes, and take the 
corresponding fraction of the difference between each [pair of] results we wrote 
down. In every case we add the result to the number derived from the first table. 
The digits found by this procedure give us, again, the amount, in twelfths of the 
sun’s diameter, which will be obscured at approximately mid-eclipse. We 
increase the minutes of travel [found by this procedure] for both [stretches, i.e. 
immersion and emersion] by i3th, to account for the sun’s additional motion, 
and convert the result into equinoctial hours [by dividing] by the moon’s true 
[hourly] motion. Thus we have the length of both immersion and emersion; 
this, however, is on the assumption that the [change in] parallax has no eflect on 
these time-intervals. 

Now there is in fact a noticeable inequality in these intervals, due, not to the 
anomalistic motion of the luminaries,” but to the moon’s parallax. The effect of 
this is to make each of the two intervals [immersion and emersion], separately, 
always greater than the amount derived by the above method, and, generally, 


* unequal to each other. We shall not neglect to take this into account, even if it is 


small. This phenomenon is due to the fact that the effect of the parallax on the 
moon’s apparent motion is always to produce the appearance of motion which 
would be in advance (if one were to disregard the moon’s proper motion 
towards the rear). For suppose, first, that the moon’s apparent position is before 
[i.e. to the east of] the meridian: then, as it gradually rises higher [above the 
horizon], its eastward parallax becomes continually smaller than at the 
moment preceding, and thus its motion towards the rear appears slower. Or 
suppose, secondly, that its apparent position is after [1.e. to the west of] the 
meridian: then, again, as it gradually descends [towards the horizon], its 
westward parallax becomes continually greater than at the moment preceding, 
and thus, as before, its motion towards the rear appears slower. For this reason 
the intervals in question are always greater than those derived by the simple 
procedure described. Furthermore, the difference between successive parallaxes 
[at equal intervals of time] becomes greater as one approaches the meridian: 
hence those intervals [of immersion or emersion] which are nearer the meridian 
must necessarily become more drawn-out. For this reason. the only situation in 
which the time of immersion is approximately equal to the time of emersion is 
when mid-eclipse occurs precisely at noon, for then the appearance of motion in 
advance resulting from the parallax is about equal on both sides [of mid- 
eclipse]. But when mid-eclipse occurs before noon, then the interval of 
emersion is Closer to the meridian and [thus] longer, while if mid-eclipse occurs 
after noon, then the interval of immersion is closer to the meridian and longer. 

So in order to correct the time-intervals for this effect, we [first ] determine, in 


™ Le. to the fact that the true speed of both sun and moon does not remain constant over the 
course of the eclipse. Cf. p. 309. 
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the way explained, the uncorrected length of each of the intervals in question, 
and the zenith distance at mid-eclipse. Suppose, for example, that each interval 
is | equinoctial hour, and the zenith distance 75°. In the Parallax Table [V 18] 
we look for the minutes of parallax corresponding to the argument 75° (forrers), 
the moon’s greatest distance, for which one takes the entries in the third 
column). We find, corresponding to 75°, 52’. Since, by hypothesis, the time- 
intervals of both immersion and emersion, in the mean, is 1 equinoctial hour, or 
15 ume-degrees, we subtract these 15° from the 75° of the zenith distance, and 
find the minutes of parallax in the same column corresponding to the resulting 
60°, [namely], 47’. Hence the displacement in advance resulting from the 
parallax at the (average)”* position nearer the meridian comes to 5’. We also 
add the [15°] to the 75°, and find the minutes of total parallax corresponding to 
the resulting 90° in the same column, 533’. Thus here the displacement in 
advance resulting from the [parallax at] the position nearer the horizon is 13’. 
We take the longitudinal components of these increments we have found, and 
convert each [separately | into a fraction of an equinoctial hour by means of the 
moon’s true motion, as described, and then add each result to the appropriate 
mean interval, calculated simply, of immersion or emersion; that is, we add the 
greater to the interval bounded by the position nearer to the meridian, and the 
lesser to the interval bounded by the position nearer the horizon. It is obvious 
that the difference between the two intervals in the above example is 33’, or 
about 3th of an equinoctial hour, which is the time taken by the moon in mean 
motion to traverse that distance.” 

There remains only the readily accomplished task, if we wish, of converting 
the time in equinoctial hours at each interval into the seasonal hours particular 
[to the given latitude and date], by the method explained in the earlier part of 
our treatise [II 9]. 


11. { On the angles of inclination at eclipses}"® 


The next topic is the examination of the inclinations’? which are formed at 
eclipses. This kind of investigation is based both on the inclination of the 


“4uéonv. If not an interpolation, this must mean, taking the position obtained by applying the 
15° of the motion of the heavens in | hour directly to the zenith distance. In fact 15° is the maximum 
possible change in the zenith distance in 1 equinoctial hour. Cf. n.75. 

75 Ptolemy’s procedure here is, to say the least, crude. Instead of computing the actual zenith 
distances of the bodies at beginning and end of the eclipse, he simply applies the 15° of one hour’s 
motion of the heavens to the zenith distance at mid-eclipse. Finding the total parallax from the 
zenith distance, he applies it as if it were the longitudinal parallax. The procedure is perhaps 
explicable as illustrating the maximum possible effect of this factor: the longest possible solar eclipse is 
about 2 hours; to get the maximum parallactic difference between the two intervals we have to take 
the zenith distance as great as possible. Allowing 15° hourly motion (cf. n.74), 75° is the maximum 
zenith distance which permits the whole eclipse to be visible. The total parallax is the maximum 
possible value of the longitudinal parallax. To be consistent, however, Ptolemy should have taken 
the moon at least distance (for which the difference between parallaxes is greater), i.e. col. 3+ col. 4 
in V 18. This would have given him corrections of 6’ and 2’, with a difference of 4’ (still only th ofan 
hour). 

76On Chs. 11-13 see HAMA 141-4. 

7” Or ‘directions’, mpooveboetc. For other uses of this word see p. 43 n.38 and p. 227 n.19. The 
purpose of computing these angles was presumably weather prediction: see HAMA II 999. 
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eclipsed part [of the body] to the ecliptic and on the inclination of the ecliptic 
itself to the horizon. Both of these angles, during the course of every eclipse 
phase, undergo great changes as a result of the shift in position [of the bodies], in 
a way which could not be controlled if one wanted to undertake the task of 
computing the inclinations throughout the whole of the duration [of the 
eclipse], a superfluous task, since predictions on such a scale are not in the least 
necessary or useful. For, since the situation of the ecliptic relative to the horizon 
is determined from the position on the horizon occupied by its rising or setting 
points, the angle formed by the ecliptic at the horizon must necessarily change 
continuously during the course of an eclipse, as those points on the ecliptic 
which are rising or setting change continuously. Similarly, since the inclination 
of the eclipsed part [of the body] to the ecliptic is determined from the great 
circle drawn through the two centres, [i.e.] the centres of moon and shadow or 
the centres of moon and sun, it is, again, a necessary consequence of the motion 
of the moon’s centre during the course of an eclipse that the circle through the 
two centres occupy a continuously varying position relative to the ecliptic, and 
[hence] that the angle formed at their intersection vary continuously. Therefore 
[the need for] this kind of examination will be satisfied if it is carried out only for 
those points in [the progress of] the eclipse which have some significance, and 
only roughly for the inclinations with respect to the horizon. [To achieve this 
kind of accuracy] people who actually observe the eclipse as it occurs could, 


«merely by eye, estimate the important inclinations by looking at the relative 


positions in both cases [at eclipse and horizon], since, as we said, a rough notion 
{of the amount] is sufficient in such matters. Nevertheless, not to pass over this 
topic altogether, we shall try to set out some ways of achieving the kind of result 
desired as conveniently as possible. 

The points in [the progress of] the eclipse which we too take into 
consideration as deserving to be thought significant are: 

[1] the point of the start of obscuration, which coincides with the very 
beginning of the whole ectipse; 

[2] the point of the completion of obscuration, which coincides with the 
beginning of the phase of totality; 

[3] the point of greatest obscuration, which coincides with the middle of 
totality; 

[4] the point of the start of emersion, which coincides with the end of the whole 
total phase; 

[5] the point of the completion of emersion, which coincides with the end of the 
whole eclipse. 

The inclinations [with respect to the horizon] which we take into considera- 
tion as being more reasonable and more significant are those bounded by the 
meridian and also those bounded by the rising and setting points of the ecliptic 
at the equinoxes and at summer and winter solstices. As for the points bounding 


Reading titi tv t8 pEow Ypdve ths Hovis ywetar (with D,Ar) for tt1¢ év TB pow YPdvea 
Tic ExAEtwews dvev THs Hovis yivetar at H537, 12-13. The latter would mean ‘which coincides 
with the middle of the eclipse [for those eclipses] in which there is no total phase’. The interpolation 
is presumably the remains of a feeble attempt to list all possible cases. 
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the various ‘wind-directions’,’’ they may be understood in many different ways 
by many people; nevertheless, if desired, they can be indicated by means of the 
angles we set out along the horizon. 

Considering the intersections of meridian with horizon, let us make the 
following definitions: 

the northern intersection is the ‘northpoint’; 

the southern intersection is the ‘southpoint’. 

Considering the rising and setting [points of the ecliptic, let us make the 
following definitions]: 

the intersections of the beginning of Aries or Libra with the horizon are 
known as ‘equinoctial rising’ and ‘equinoctial setting’; these are always the 
same distance, [i.e.] a quadrant, from the point where the meridian intersects 
[the horizon]; 

the intersections of the beginning of Cancer [are known] as ‘summer rising’ 
and ‘summer setting’, and the intersections of the beginning of Capricorn as 
‘winter rising’ and ‘winter setting’. 

The distances [from the meridian intersection] of these last [four] points vary 
according to the latitude in question. The inclinations are sufficiently 
characterised by saying that they are at one of the above situations or between 
some pair of them. 

To enable one to determine the position of the ecliptic relative to the horizon 
for any given situation, we computed, by the method indicated in the first books 
of our treatise,®° the distance along the horizon, at rising and setting, of the 
beginning of each zodiacal sign from the points where the equator intersects 
{the horizon, computing them] on either side of it [1.e. north or south]. We did 
this for each of those latitudes from Meroe to Borysthenes for which we [earlier] 
tabulated the angles {II 13]. To provide a means of readily surveying these,®" 
instead of a table, we drew a diagram [Fig 6.7 | consisting of 8 concentric circles. 
conceived as lying in the plane of the horizon, to contain the [various] distances 
and nomenclature for the 7 climata. Then we drew {wo lines, at right angles to 
each other, through all the circles: a horizontal one representing the 
intersection of the planes of horizon and equator, and another, vertical one 
representing the intersection of the planes of horizon and meridian. On the 
innermost® circle we wrote, at the ends of the horizontal line ‘equinoctial rising’ 
and ‘equinoctial setting’, and at the ends of the vertical line ‘north’ and ‘south’. 
Similarly we drew {four] straight lines through all the circles at equal 


79 Greek astronomy sometimes adopted the popular way of indicating the points of the compass 
by wind-names. These do not occur in the Almagest, except for dnnAdtnyc and Aty in VIII 4 to 
designate the general directions ‘east’ and ‘west’, and in the diagram Fig. 6.7, where they are a later 
interpolation in the mss., not mentioned in the text (see below n.82), On the systems of wind-names 
(which do indeed vary) see Rehm, Griechische Windrosen. 

EU e2upa a: 

51 kata TO eXBEwpNtov. One would rather expect 514 16 evVE@pHtoOV, which is implied by Ishaq’s 
translation. 

82 In the figures in the Greek mss. these designations are on the outermost circle; hence Heiberg (at 
H539.7; cl. ibid. p. VI) emended évtdc, the reading of all mss., to £xt6¢ (‘outermost’). But in the 
Arabic tradition they do appear, all or in part, on the inmost circle, and it seems likely that they 
were transterred to the outermost circle when the names of the winds were (after Ptolemy) added in 
the inmost circle (cf. above n.79). 
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inclinations either side of the equator [i.e. the horizontal line], and wrote along 
these, in the seven interlinear spaces, the horizon distance of the solsticial point 
from the equator which we found for each latitude (in units where one quadrant 
contains 90°). At the ends where these lines meet the inmost circle we wrote, for 
the southern ones, ‘winter rising’ and ‘winter setting’, and for the northern ones, 
‘summer rising’ and ‘summer setting’. To indicate the signs in between 
{equinoxes and solstices] we inserted two more lines in each of the four segments, 
and [wrote] along these the horizon distance from the equator of [the beginning 
of] the appropriate zodiacal sign, adding the name of each sign on the 
outermost circle. We also wrote, along the meridian line, for [each] parallel, its 
name, the length (of the longest day] in hours, and the elevation of the pole. In 
writing in [the data for all of the above], we began with the largest, outermost 
circle for the northernmost data, [and so on].*° 

In order to have tabulated the apparent inclinations of the actual phases to 
the ecliptic, i.e. the angles formed between the ecliptic and the great circle 
joining the centres in question at each of the significant points mentioned 
above, we computed these too, for [successive] positions of the moon 
corresponding to a difference of | digit in obscuration. However, we did this 
only for lunar positions at mean distance (since that is sufficient), and under the 
assumption that those arcs of the ecliptic and the moon’s inclined circle which 
we consider for the obscurations are sensibly parallel to each other. 

For example, let [Fig. 6.6] line AB represent the arc of the ecliptic, with Aas 
the centre of the sun or the shadow, and let line GDE represent the moon’s 
inclined circle, with G as the point at which the moon’s centre is at eclipse 
middle, and D as the point at which the centre is when it is just totally eclipsed 
or just about to begin emerging from totality (i.e. when the moon is internally 
tangent to the circle of the shadow). Let E be the point at which the moon’s 


A B 


G D a 


Fig. 6.6 


* On this figure see HAMA 38-9. As Ptolemy drew it, it is, as he says, a schematic representation 
of a table. But it closely resembles a representation in polar coordinates. If it were truly such, 
however, all the straight lines except the horizontal and vertical ones would become curves (see 
HAMA p. 1216 Fig. 32). I have omitted the wind-names found in the Greek and some Arabic 
mss., and in Heiberg’s figure. Cf. p. 315 n.82. The figure is on p. 320. 

Correction to Heiberg: for the latitude of Clima VI read pe a (with AD, Is) for pe 08 (45;34°). 
Corrected by Heiberg ad loc. 
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centre is when either sun or moon is just beginning to be eclipsed or has just 
completed emersion (i.e. when the circles are externally tangent). Join AG, AD, 
AE. 

It is obvious that angles BAG and AGE, which correspond to the time of mid- 
eclipse, are right angles to the senses, and that Z BAE represents the angles at 
the beginning and end of the eclipse, while Z BAD represents the angles at the 
end of [the partial phase of] the eclipse and at the beginning of emersion. And it 
is immediately clear that AE represents the sum of the radii of both circles, and 
AD their diflerence.* 

Then let us take as an example an eclipse in which half the sun’s diameter is 
obscured at mid-eclipse. Let A be the sun’s centre. Then in all cases (since we 
assume the moon at mean distance) AE comes to [0;15,40° + 0;16,40° =] 
0;32,20°, and AG. which is less than that by half the sun’s diameter, comes to 
0:16:40". 

Therefore, since AG = 16;40° where hypotenuse EA = 32;20° 
(according to the magnitude of obscuration assumed), 
where hypotenuse AE = 120° 
AG = bla’, 
and, in the circle about right-angled triangle AGE 
are NG G22 

. 7 _ J 62;2°° where 2 right angles = 360°° 

ae SAE ae where 4 right angles = 360°. 

Again, to take the case of a lunar eclipse, let A be the centre of the shadow. 
Then, since, as before, we assume the moon at mean distance, AE will always be 
the same amount, namely [0;43,20° + 0;16,40°=] 60 minutes, and AD, likewise, 
will always be [0;43,20° - 0;16,40° =] 26;40 minutes. Let the moon be eclipsed 
in a situation such that the magnitude is 18 digits. Thus AG is again less than 
AD by half the diameter [of the moon]* and, by subtraction [of 16;40’ from 
26;40’], AG comes to 10;0 minutes. 

Then, where hypotenuse AE = 120°, AG = 20;0?, 
and, in the circle about right-angled triangle AGE, 
sre ANG = Gps 
} 19;12°° where 2 right angles = 360°° 
oe ee = eee where 4 right angles = 360°. 

Similarly, where hypotenuse AD = 120°, AG = 45°, 

and, in the circle about right-angled triangle AGD, 
arc AG = 44;2°. 
; 44;2°° where 2 right angles = 360°° 
2 ADEE ESE [ear where 4 right angles = 360°. 

In the same way we computed the sizes of the angles for the other [integer] 
digits [of magnitude], [always taking] that angle which was less than a right 
angle, in units where one right angle equals 90° (corresponding to the 
graduation of the quadrant of the horizon). We constructed a table with 22 lines 


81Cf. HAMA Fig. 124 p. 1244. 

85 See Fig. M (copied from the figure on p. 409 of Manitius). Since the eclipse has a magnitude of 
18 digits, by definition XY = 6° = radius of moon. Therefore AX = AY — XY = radius of shadow 
minus radius of moon = AD. Therefore AG = AX - XG = AD minus radius of moon. 
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and 4 columns. The first column contains the digits of actual obscuration, 
measured along the diameter, found for mid-eclipse; the second contains the 


_angles occurring at solar eclipses at the moment of the beginning of the eclipse 


and the moment of the end of emersion; the third contains the angles occurring 
at lunar eclipses at the moments of the beginning of the eclipse and of the end of 
emersion; and the fourth also contains the angles occurring at lunar eclipses, at 
the moment of the end of [the partial phase of] the eclipse and the moment of the 
beginning of emersion. The layout of table and circle [diagram] are as follows. 


12. {Display of diagrams for the inclinations}*® 


{See pp. 319,320.] 


13. {Determination of the inclinations} 


Thus, as a preliminary, we determine, by the method explained [VI 9-10], the 
time of each significant point {in the eclipse] listed above, and, from the times, 
those points on the ecliptic which are rising and setting at those moments, and, 
from the diagram (Fig. 6.7], the situation [of ecliptic] with respect to the 
horizon. Then, when the centre of the moon (the apparent centre at solar 
eclipses and the true centre at lunar eclipses) is exactly on the ecliptic, we get the in- 
clination for a solar eclipse at the beginning of the eclipse, and the inclination for 


86 Corrections to Heiberg: 
Arg. 4 digits, col. 3, read vd A6 for vd KC (54;27°) at H544,13. All mss. have the incorrect reading, 
but it is obviously repeated in error from the line above. 
Arg. 14 digits, col. 4, read vB xa for vB «8 (52;24°), with D,Ar, at H544,23. 
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73 3 4 
Sun Moon [Moon] 
Beginning | Beginning |End of Partia 
of Eclipse of Eclipse | Phase and 
and End of | and End of | Beginning of 
Emersion Emersion Emersion 


a lunar eclipse at the end of the partial phase and also at the end of emersion, from 
the situation on the horizon of the point of the ecliptic setting at the moment in 
question; we get the inclination for a solar eclipse at the end of the eclipse, and 
the inclination for a lunar eclipse at the beginning of the eclipse and the 
beginning of emersion [i.e. end of totality], from the [horizon situation] of the 
rising-point of the ecliptic. When the moon’s centre is not exactly on the 
ecliptic, we take from the table the angles corresponding to the relevant 
magnitude [of the eclipse] in digits, and apply those angles to the intersection of 
horizon and ecliptic. If the moon’s centre is north of the ecliptic, we set off the 
angle to the north of the setting-point for eclipse-beginning in solar eclipses and 
for the end of the partial phase in lunar eclipses; we set it off to the north of the 
rising-point for the end of emersion in solar eclipses and the beginning of 
emersion in lunar eclipses; furthermore we set it off to the south of the rising- 
point for eclipse-beginning in lunar eclipses, and to the south of the setting- 
point for eclipse-end in lunar eclipses. If the moon’s centre is south of the 
ecliptic, we set the angle off to the south of the setting-point for eclipse- 
beginning in solar eclipses and for end of the partial phase in lunar eclipses; to 
the south of the rising-point for the eclipse-end in solar eclipses and for the 
beginning of emersion in lunar eclipses; to the north of the rising-point for 


H546 


320 VI 12. Horizon diagram 


Pig. 0.7 


eclipse-beginning in lunar eclipses; and to the north of the setting-point for 
eclipse-end in lunar eclipses. The result of this procedure will give us the point on 
the horizon towards which (speaking roughly, as we said), are inclined those 
points of the luminaries comprising the significant [moments of the phases], 
namely the beginning and end of eclipse and of total phase.* 


*’ Literally ‘the beginnings and ends of the eclipse and emersion’, i.e. beginning of eclipse, end of 
partial phase (= beginning of totality), beginning of emersion (= end of totality), end of emersion. 


Book VII 


1. { That the fixed stars always maintain the same position relative to each other}! 


In the preceding part of this treatise, Syrus, we discussed the phenomena 
associated with sphaera recta and sphaera obliqua, and also the details of the 
hypotheses for the motions of sun and moon and the combinations of positions 
which are seen to result from them. Now, to deal with the next part of the 
theory, we shall begin discussing the stars, and first, in accordance with the 
logical order, the so-called fixed stars. 

First of all we must make the following introductory point. Concerning the 
terminology we use, in as much as the stars themselves patently maintain the 
formations [of their constellations] unchanged and their distances from each 
other the same, we are quite right to call them ‘fixed’; but in as much as their 
sphere, taken as a whole, to which they are attached, as it were, as they are 
carried around, also [like the other spheres] has a regular motion of its own 
towards the rear and the east with respect to the first [daily] motion,’ it would 
not be appropriate to call this [sphere] too ‘fixed’. For we find that both these 
statements are true, at least on the [observational] basis afforded by the amount 
of time [preceding us]: even before this Hipparchus conceived of both these 
notions on the basis of the phenomena available to him, but under conditions 
which torced him, as far as concerns the effect over a long period, to conjecture 
rather than to predict, since he had found very few observations of fixed stars 
before his own time, in fact practically none besides those recorded by Aristyllos 
and Timocharis, and even these were neither free from uncertainty nor 
carefully worked out; but we too come to the same conclusions by comparing 
present phenomena with those of that time, but with more assurance, both 
because our examination is conducted [with material taken] from a longer 
time-interval, and because the fixed-star observations recorded by Hipparchus, 
which are our chief source for comparisons, have been handed down to us ina 
thoroughly satisfactory form. 

First, then, no change has taken place in the relative positions of the stars 
even up to the present time. On the contrary, the configurations observed in 


'On. chs. 1 and 2 see Pedersen 237-45. 

2 Note that the motion which in modern terminology is ‘precession of the equinoxes’ (i.e. a motion 
in the direction of decreasing longitudes of the tropical points with respect to the fixed stars) is 
described by Ptolemy asa motion of the fixed stars with respect to the tropical points in the direction 
of increasing longitudes. This accords with his taking the tropical points as the primary reference 
points (III 1 p. 132). Hipparchus, however, seems at times to have adopted the modern convention, 
to judge from the title of his work ‘On the displacement of the solsticial and equinoctial points’ (III } 
p. 132 and VII 2 pp. 327 and 329). 
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Hipparchus’ time are seen to be absolutely identical now too. This is true not 
only of the positions of the stars in the zodiac relative to each other, or of the 
stars outside the zodiac relative to other stars outside the zodiac (which would 
[still] be the case if only stars in the vicinity of the zodiac had a rearward motion, 
as Hipparchus proposes in the first hypothesis he puts forward); but it is also 
true of the positions of stars in the zodiac relative to those outside it, even those 
at considerable distances. This can easily be seen by anyone who is willing to 
make an inspection of the matter and examine, in the spirit of love of truth, 
whether present phenomena agree with those recorded for Hipparchus’ time. 

In any case, to provide a convenient test of the matter, we too will adduce 
here a few of his observations, [namely] those which are most suitable for easy 
comprehension and also for giving an overview of the whole method of 
comparison, by showing that the configurations formed by stars outside the 
zodiac, both with each other and with stars in the zodiac, have been preserved 
unchanged. ° 

Stars in Cancer. [Hipparchus]| records that the star in the southern claw of 
Cancer [a Cnc], the bright star which is in advance of the latter and of the head 
of Hydra [B Cnc], and the bright star in Procyon [a CMi] lie almost ona straight 
line.t For the one in the middle lies 13 digits® to the north and east of the® 
straight line joining the two end ones, and the distances [from it to each of them] 
are equal. 

Stars in Leo. [He records] that the easternmost two [1, € Leo] of the four stars in 
the head of Leo [p, €, «, A], and the star in the place where the neck joins [the 
head} of Hydra [wm Hya], lie on a straight line.’ Also, that the line drawn 
through the tail of Leo [B] and the star in the end of the tail of Ursa Major [n 
UMa] cuts off the bright star under the tail of Ursa Major [a CVn] 1 digit to the 
west [i.e. passes 1 digit to the east of it].* Similarly, [he records] that the line 
through the star under the tail of Ursa Major and the tail of Leo passes through 
the more advanced of the stars in Coma [Berenices].° 


3Jn the following lists I give in brackets the modern designation of the stars in question, when the 
identification is reasonably certain, and, in footnotes, the equivalent in Ptolemy’s catalogue. 
Several of the stars mentioned by Hipparchus are not recorded in that catalogue, and his 
descriptions of those that are often differ from Ptolemy’s. In Ptolemy’s own alignments which 
follow, the descriptions also vary somewhat from the catalogue. The alignments are discussed in 
detail by Manitius, ‘Fixsternbeobachtungen’. 

* Catalogue XXV 6 and 9 and XX XIX 2, Like Manitius, I do not understand ‘to the north and 
east’. In the given situation, the only possible deviation is to the north-west or the south-east. I 
calculate that in Hipparchus’ time it was about 5’ to the north and west. 

> The ‘digit’ (64KtvAOG) and ‘cubit’ (x7 XvG, see p. 323) as astronomical measurements were taken 
by Hipparchus from Babylonian astronomy (in the Almagest they are found only in the Babylonian 
observations IX 7, pp. 452-3, and XI 7, p. 541, and in passages derived from Hipparchus). 
The cubit in Babylonian astronomy can represent either 23° or 2° (the latter normal in the 
Hellenistic per iod: see HAMA II 591-93). Strabo, 2.1.18, quotes data from Hipparchus in which 
the 2° norm 1s certain. It is also found in Hipparchus’ commentary on Aratus, where Vogt, 

‘Wiederherstellung’, col. 30, argued for the 23° norm. In the passage below, a 2° cubit produces a 
smaller error in the estimated distance (inaccurate i in either case). The ‘digit’ in Babylonian 
astronomy is 24th of the 2° cubit or ith of the 25° cubit, 5’ in either case. 

° Reading tfi¢ for tv (misprint in Heiberg) at H4, 14. 

"Catalogue XXVI 3 and 4 and XLI 6. 

*Catalogue XXVI 27, II 27 and II 28. By my calculation, the line passed more like halfa degree 
to the east of a CVn. 

°The latter are probably catalogue XXVI 33 and 34, doubtfully identified as 15 and 7 Com. 
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Stars in Virgo. [He records] that between the northern foot of Virgo [p Vir] 
and the right foot of Bootes [¢ Boo]'® lie two stars; the southern one of these [109 
Boo], which is equally bright as the [right] foot of Bootes, lies to the east of the 
line joining the feet, while the northern one [31 Boo], which is half-bright, lies 
on a straight line with the feet. Furthermore, of these two stars, the half-bright 
one is preceded by two bright stars, which form, together with the half-bright 
one, an isosceles triangle of which the half-bright one is the apex.!! These [two 
bright stars] lie on a straight line with Arcturus [a Boo] and the southern foot of 
Virgo {A Vir].'? Also, that between Spica [a Vir] and the second star from the 
end of the tail in Hydra [y Hya]’ lie three stars, all on one straight line (57,63,69 
Vir].'* The middle one of these [63] lies on a straight line with Spica and the 
second star from the end of the tail in Hydra. 

Stars in Libra. [He records] that the star [u Ser] which is very nearly on a 
straight line towards the north with the [two] bright stars in the claws [a, B Lib] 
is bright and triple: for on both sides of it lie single small stars [36,30 Ser].'° 

Stars in Scorpius. [He records] that the straight line drawn through the 
rearmost of the stars in the sting of Scorpius [A Sco] and through the right knee of 
Ophiuchus [n Oph] bisects the interval between the two advance stars in the 
right foot of Ophiuchus (36,8 Oph]'° and that the fifth and seventh joints [in the 
tail of Scorpius, 8, k Sco] lie on a straight line with the bright star in the middle 
of Ara [a Ara].'’ Furthermore, that the northernmost star [G] of the two in the 
base of Ara [o, 6]'® lies between and almost on a straight line with the fifth joint 
and the star in the middle of Ara, being almost equidistant from both. 

Stars in Sagittarius. [He records] that to the east and south of the Circle under 
Sagittarius [i.e. of Corona Australis] lie two bright stars [a, B Sgr], quite some 
distance (about 3 cubits) from each other.'? The southernmost and brighter of 
these [8], which is on the foot of Sagittarius, lies very nearly on a straight line 
with the midmost [a CrA] of the three bright stars in the Circle (which lie 
furthest towards the east in that [constellation]) [y, a, B CrA], and with the 
rearmost [¢ Sgr] of the [two] bright stars [C, o Sgr] at opposite angles of the 
Quadrilateral [in Sagittarius, ¢, t, 6, @]: the two intervals [between these three 
stars] are equal. The northernmost [of the two stars to the east of the Circle, a 
Sgr] lies to the east of this straight line, but is on a straight line with the [two] 
bright stars [C, o] at opposite angles of the Quadrilateral.”° 


Catalogue XXVII 26 and V 19. 

'! Manitius identifies these two stars as nos. 43 and 46 of Bootes in the catalogue of Heis (K6ln, 
1872). I have not tracked these down in a more recent catalogue, since any identification seems 
utterly uncertain. 

'2 Catalogue V 23 and XXVII 25. 

3 Catalogue XXVII 14 and XLI 24. 

\4 This seems preferable to Manitius’ identification (61, 63, 69). 

15 The first three are catalogue XIV 1] and XXVIII | and 3. My identification of the ‘triple star’ 
is far more likely than Manitius’ a Ser plus A, 29 Ser. 

6Catalogue XXIX 20 and XIII 12, 14 and 15. 

'7 Catalogue XXIX 17 and 19 and XLVI 3. 

'8Catalogue XLVI | and 2. 

19Catalogue XXX 24 and 23. On the cubit see p. 322 n.5. 

20 The equivalents in Ptolemy’s catalogue are: a, B Sgr: XXX 24, 23: y,a, B CrA: XLVII8, 7, 6; 
6,1, 6, @ Sgr: XXX 22, 21, 6, 7 (not described as a quadrilateral). 
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Stars in Aquarus. [He records] that the two stars close together in the head of 
Pegasus [6, v Peg] and the rear shoulder of Aquarius {a Aqr] are almost on a 
straight line,?’ to which the line from the advance shoulder of Aquarius [B Aqr] 
to the star in the cheek of Pegasus [e Peg] is parallel.” Also, that the advance 
shoulder of Aquarius [BJ], the bright star [C Peg] of the two in the neck of Pegasus 
[C, €], and the star in the navel of Pegasus [a And] lie on a straight line, with 
equal intervals between them.*’ Furthermore, that the line through the muzzle 
[e] of Pegasus and the easternmost {n Aqr] of the four stars in the vessel [of 
Aquarius, n, 6, m, y}** bisects, almost at right angles, the line through the two 
stars [0, v] close together in the head of Pegasus. 

Stars in Pisces. [He records] that the star [B Psc] in the snout of the southern- 
most fish [of Pisces], the bright star in the shoulders of Pegasus [a Peg], and the 
bright star in the chest of Pegasus [B Peg] lie on a straight line.” 

Stars in Ans. [He records] that the advance star [B Tri] in the base of 
Triangulum lies | digit to the east of the straight line drawn through the star in 
the muzzle of Aries [a Ari] and the left foot of Andromeda [y And].”° Also, that 
the most advanced of the stars in the head of Aries [B, y Ari] and the midpoint of 
the base of Triangulum [i.e. halfway between B and y Tri] lie on a straight 
line.?’ 

Stars in Taurus. [He records] that the [two] easternmost stars of the Hyades [a, 
é Tau] and that star [m* Ori] in the pelt held in Orion’s left hand which is sixth, 
counted from the south, lie on a straight line.*® And that the line drawn through 
the advance eye of Taurus [€ Tau] and the seventh star from the south in the 
pelt {o” Ori] cuts off the bright star in the Hyades [a Tau] 1 digit to the north.”° 

Stars in Gemini. [ He records] that the heads of Gemini [a, B Gem] lie on a 
straight line with a certain star [¢ Cnc] which lies to the rear of the rearmost 
head by a distance three times that between the heads, and that the same star 
also lies on a straight line with the [two] southernmost [6,5 Cnc] of the four stars 
[8, 5, y, n] round the nebula [Praesepe].*° 


In these alignments, and similar alignments which enable us to carry out 


*! Catalogue XIX 15 and 16 and XXXII 2. 

2 Catalogue XXXII 4 and XIX 17. 

23 Catalogue XIX 11, 12 and 1. 

4 Catalogue XXXII 12, 11, 10, 9. 

5 Catalogue XX XIII 1 and XIX 4 and 3. 

*°Catalogue XXI 2, XXII 14 and XX 15. Using the coordinates for these 3 stars computed by 
Peters-Knobel (pp. 81-2) for the time of Hipparchus, I find B Tri well over a degree to the east of the 
line connecting a Ari and y And. There is no doubt about the identification of the stars. 

27 Catalogue XXII 2 and 1 and XXI 2 and 4. [have dubiously adopted Manitius’ identifications 
here. However, it seems possible that by ‘the midpoint of the base of the triangle’ Hipparchus may 
have been referring to the star 6 Tri. This lies approximately on a straight line with A and B Ari. 
While y Ari is ‘more advanced’ than either of these, Hipparchus may, like Ptolemy, have put that 
‘on the horn’ rather than ‘in the head’. 4. Ari is not included in Ptolemy’s catalogue. 

**Catalogue XXIII 14 and 15 and XXXV 20. Ptolemy counts the stars in the pelt from the 
opposite direction, the north. 

** Catalogue XXIII 15, XXXV 19 and XXIII 14. Manitius identifies the first star with 8 Tau, 
but not only is this discrepant from Ptolemy’s catalogue, but it produces a deviation from the line of 
about !° to the north, whereas, if one takes the line from é Tau to 0” Ori, a Tau lies about 8’ to the 
north, in good agreement with the equivalence, | digit = 5’. 


*°Catalogue XXIV 1 and 2; XXIV 25; XXV 3, 5, 4, 2; and XXV 1, 
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comparisons practically throughout the sphere [of the fixed stars], we see that 
no change has occurred up to the present time. Yet very noticeable changes 
would have occurred in the 260 or so years between [Hipparchus and now] if 
the stars near the ecliptic were the only ones to perform an eastward motion. 

But, in order to provide those who come after us with a means of comparison 
over a longer interval [than was possible for us], from an even larger number of 
alignments of the above kind, we shall add the most easily recognisable from 
among those which we have observed but which were not previously recorded. 
We begin from the 

Stars in Anes. The two northernmost [a, B Ari] of the three stars in the head of 
Aries [a, B, y] and the bright star in the southern knee of Perseus |¢ Per] and the 
star called Capella [a Aur] lie on a straight line.*! 

[Stars in Taurus.} The line drawn through the star called Capella [a Aur]and 
the bright star in the Hyades [a Tau] cuts off’ the star in the advance leg of 
Auriga [t Aur] a little to the east.’ Also, the star called Capella [a Aur], the star 
which is common to the rearmost foot of Auriga and the tip of the northern horn 
of Taurus [B Tau], and the star in the advance shoulder of Orion [y Ori]lie ona 
straight line.** 

[| Stars in Gemini.] Furthermore, the [two] bright stars in the heads of Gemini 
[a, 8 Gem] and the bright star in the neck of Hydra [8 Hya] lie very nearly ona 
straight line.*° 

[| Stars in Cancer.] Furthermore, the two stars close together in the front leg of 
Ursa Major [t, « UMa], the star on the tip of the northern claw of Cancer [t 
Cnc], and the northernmost of the [two] ‘Aselli’ [y Cnc] lie on a straight line.*® 
Similarly, the southern Asellus [6 Cnc], the bright star in Procyon [a CMi], and 
the bright star between them (which is in advance of the head of Hydra) [B 
Cnc]), lie almost on a straight line.*” 

[Sars in Leo.] Furthermore, the straight line drawn from the midmost star [y 
Leo] of the [three] bright stars in the neck of Leo [C, y, n] to the bright star in 
Hydra [a Hya] cuts off the star on the heart of Leo [a Leo] a little to the east.**® 
The [line] from the bright star in the rump of Leo [6 Leo] to the bright star [y 
UMal] in the back of the thigh of Ursa Major (which is the southernmost star on 
the rear side of the quadrilateral), cuts off, a little to the west, the two stars which 
are close together in the rear paw of Ursa Major [v, § UMa].*° 

[Stars in Virgo. | Furthermore, the line from the star in the back of the thigh of 


“Catalogue XXII 14, 2, 1; XI 23; and XII 3. 

32Reading dmoAapPaver (with DG) for AapPdvet at H9, 4. Corrected by Manitius and by 
Heiberg himself (Op. Min. p. XIV). 

3 Catalogue XII 3, XXIII 14 and XII 10. 

34 Catalogue XII 3, XII 11 and XXXV 3. 

35 Catalogue XXIV 1 and 2 and XLI 7. 

36 Catalogue II 12 and 13 and XXV 7 and 4. The identifications are certain, but the line throught 
and k UMa passes far to the east of y and t Cnc, both now and (according to the coordinates of 
Peters-Knobel) in Ptolemy‘s time. I have not computed whether modern proper motions suffice to 
account for this discrepancy. If Ptolemy had written ‘the northernmost of the two stars close 
together’ the alignment would be more plausible. 

37Catalogue XXV 5, XXXIX 2 and XXV 9. 

38 Catalogue XXVI 5, 6, 7 (C, y, n Leonis); XLI 12; and XXVI 8. 

39Catalogue XXVI 20, II 19, II 23 and 24. 


H9 


H10 


H11 


326 VII 1. Ptolemy’s star alignments 


Virgo [C Vir] to the second star from the tip of Hydra’s tail [y Hya] cuts off the 
star called Spica [a Vir] a little to the west. The line from Spica to the star in the 
head of Bootes [B Boo] cuts off Arcturus [a Boo]a little to the east. Spica and the 
[two] stars on the wings of Corvus [6, y Crv] lie on a straight line. Spica, the star 
in the back of Virgo’s thigh [ Vir], and the northernmost, bright star [nj Boo] of 
the three in the advance knee of Bootes [n, T, v] lie on a straight line.” 

[Stars in Libra. ] Furthermore, the ({two] bright stars in the claws (a, B Lib] and 
the star on the tip of Hydra’s tail [tw Hya] are very nearly ona straight line. The 
bright star in the southern claw [a Lib], Arcturus [a Boo], and the midmost [¢ 
UMa] of the three stars in the tail of Ursa Major [¢, ¢, n] lie on a straight line. 
The bright star in the northern claw [B Lib], Arcturus {a Boo], and the star in 
the back of the thigh of Ursa Major [y UMa] lie on a straight line.*’ 

[Stars in Scorpius. Furthermore, the star on the rear shin of Ophiuchus [§ 
Oph], the star in the fifth tail-joint of Scorpius [8 Sco], and the more advanced 
[v] of the two stars close together in its sting [A, v | lie on a straight line. The most 
advanced [o] of the three stars in the breast of Scorpius [o, a, tT], and the two 
stars in the knees of Ophiuchus [n,¢ Oph], form an isosceles triangle, the apex of 
which is the most advanced of the three stars in the breast.*” 

[Stars in Sagittarius.| Furthermore, the star on the front, southern hock of 
Sagittarius (which is of second magnitude) [B Sgr], the star on the arrow-head 
[y Sgr], and the star in the rear knee of Ophiuchus[n Oph] lie on a straight line,. 
The star [a Sgr] in the knee of the same [front | leg of Sagittarius (which lies near 
Corona [Australis]), the star on the arrow-head [y Sgr], and the star in the 
advance knee of Ophiuchus [¢ Oph] lie on a straight line.*’ 

[Stars in Capricorn.| Furthermore, the line drawn from the bright star in Lyra 
(a Lyr] to the stars** in the horns of Capricorn [a, B. v,§ Cap] cuts off the bright 
star in Aquila [a Aq}] a little to the east. The line from the bright star in Aquila 
to the first-magnitude star in the mouth of Piscis Austrinus [a PsA] bisects, 
approximately, the interval between the two bright stars on the tail of Capricorn 
[y, 5 Cap].® 

[Stars in Aquarius. | Furthermore, the line from the first-magnitude star in the 
mouth of Piscis Austrinus [a PsA] to the star in the muzzle of Pegasus [¢ Peg] 
cuts off the bright star in the rear shoulder of Aquarius [a Aqr], a little to the 
east.*° 

[Stars in Pisces.] Furthermore, the stars in the mouths of Piscis Austrinus [a 


*° Catalogue XXVII 15 (¢ Vir), XLI 24 (y Hya), XXVII 14 (@ Vir), V 6 and 23 (B, a Boo), 
XLIII 5 and 4 (8, y Cor); and V 20, 21, 22 (n, t, v Boo). 

*' Catalogue XXVIII 1 and 3 (a, B Lib); XLI 25 (x Hya); V 23 (a Boo); II 25, 26, 27 (e,t, n 
UMa); and II 19 (y UMa). 

* Catalogue XIII 13 (§ Oph); XXIX 17, 20, 21 (8,4, v Sco); XXIX 7, 8, 9 (,a,t Sco) and XIII 
12 and 19 (yn, ¢ Oph). 

* Catalogue XXX 23 and | (B, y Sgr); XHI12 (7 Oph); XXX 24 (a Sgr); and XIII 19 (¢ Oph). 

“Reading tovc, with D, Ar (other Greek mss. tod) for Heiberg’s emendation tov ‘the star’ at 
HIl, 10. Corrected by Manitius, who supposes the stars to be a and B Cap. But these would not give 
the correct alignment, and in the catalogue Ptolemy puts both these stars on the same horn. I 
therefore suppose that he is referring to the general direction from Vega of the group of stars. 

* Catalogue VII 1 (a Lyr); XXXT1, 2, 3, 4 (a, v, B, € Cap); XVI 3 (a Aq!); XLVIIE1 (a PsA); 
and XXXI 23, 24 (y, 5 Cap). 

*®Catalogue XLVIII 1, XIX 17 and XXXII 2. 
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PsA] and the southern fish [of Pisces, B Psc] and the {two} advance stars of the 
quadrilateral in Pegasus [a, B Peg} lie on a straight line.*” 

If one were to match the above alignments too against the diagrams forming 
the constellations on Hipparchus’ celestial globe,*® he would find that the 
positions of the [relevant stars] on the globe resulting from the observations 
made at that time [of Hipparchus], according to what he recorded, are very 
nearly the same as at present. 


2. {That the sphere of the fixed stars, too, performs a rearward motion along the ecliptic} 


From these considerations, and others like these, we can be assured that 
absolutely all the so-called fixed stars maintain one and the same position 
relative [to each other], and share one and the same motion. But the sphere of 
the fixed stars also performs a motion of its own in the opposite direction to the 
revolution of the universe, that is, [the motion of] the great circle through both 
poles, that of the equator and that of the ecliptic.*? We can see this mainly from 
the fact that the same stars do not maintain the same distances with respect to 
the solsticial and equinoctial points in our times as they had in former times: 
rather, the distance [of a given star] towards the rear with respect to [one of] 
those same points is found to be greater in proportion as the time [of 
observation} is later. 

For Hipparchus too, in his work ‘On the displacement of the solsticial and 
equinoctial points’, adducing lunar eclipses from among those accurately 
observed by himself, and from those observed earlier by Timocharis, computes 
that the distance by which Spica is in advance of the autumnal [equinoctial] 
point is about 6° in his own time, but was about 8° in Timocharis’ time.”? For his 
final conclusion is expressed as follows: ‘If, then, Spica, for example, was 
formerly 8°, in zodiacal longitude, in advance of the autumnal [equinoctial] 
point, but is now 6° in advance’, and so forth. Furthermore he shows that in the 
case of almost all the other fixed stars for which he carried out the comparison, 
the rearward motion was of the same amount. And we also, comparing the 
distances of fixed stars from the solsticial and equinoctial points as they appear 
in our time with those observed and recorded by Hipparchus, find that their 
motion towards the rear with respect to the ecliptic is, proportionally, similar to 
the above amount. We conducted this type of investigation by means of the 
instrument which we constructed previously [see V 1] for the observations of 


*7 Catalogue XLVIII 1, XX XIIE 1, and XIX 4 and 3. The ‘quadrilateral’ in Pegasus (not 
mentioned in the catalogue) is formed by the stars a Peg, B Peg, a And and y Peg. 

481 interpret this to mean that Hipparchus published a description of the constellations to be 
drawn on a celestial globe (literally ‘solid sphere’, oteped opatpa, cf. VIII 3). What relationship, if 
any, this had to Hipparchus’ putative ‘Catalogue’ is obscure. On the general problem see HAMA 

-92. 
ae a back to 1 8 pp. 46-7. This makes it obvious that we must delete etc t& EnOpeva (omitted 
by al-Hajjaj) at H12,12: it is senseless to talk about a motion ‘towards the rear’ with respect to a 
circle which is itself in motion. The motive for the interpolation was to gloss ‘in the opposite 
direction’. 

5°Cf. IIT 1 p. 135 with n.14 for the lunar eclipses involved. 
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individual moon-sun distances. [In this case] we set one of the astrolabe rings to 
the apparent position of the moon (computed for the moment of observation), 
then adjusted the other astrolabe ring to align it with the star being sighted, so 
that both moon and star would be sighted simultaneously in the proper 
positions. Thus we obtained the position of every one of the bright stars from its 
distance from the moon.”! 

To [illustrate this procedure] by a single example. In the second year of 
Antoninus, on Pharmouthi [VIII] 9 in the Egyptian calendar [139 Feb. 23], 
when the sun was just about to set in Alexandria, and the last degree of Taurus 
was culminating, i.e. 57 equinoctial hours after noon on the ninth, we observed 
the apparent distance of the moon from the sun (which was sighted at about 3€ 
3°) as 928°. Half an hour later, the sun now having set, and the [first] quarter of 
Gemini [i.e. 11 7;30°] culminating, the apparent moon was sighted in the same 
position [with respect to the astrolabe ring], and the star on the heart of Leo [a 
Leo, Regulus}]] had an apparent distance from the moon, [as measured] by 
means of the other astrolabe [ring], of 576° towards the rear along the ecliptic. 

Now at the first [observation] the true position of the sun was very nearly 3€ 
330°. Hence the apparent position of the moon, since it was 928° towards the 
rear [of the sun], was approximately LI 5¢°, which is also the position it ought to 
occupy according to our hypotheses. Half an hour later the moon should have 
moved about 4° towards the rear, and have a parallax in advance, relative to the 


. . 1 soca 
_first situation, of about 73°. Therefore the apparent position of the moon halfan 


hour later was II 53°. Hence the star on the heart, since its apparent distance 
from the moon was 57¢° to the rear, had a position of 1) 23°, and its distance 
from the summer solstice was 323°.% 

But in the 50th year of the Third Kallippic Cycle [-128/7], as Hipparchus 
records from his own observations, [that star] had a distance to the rear of 
the summer solstice of 292°. Therefore the star on the heart of Leo has moved 
2§° towards the rear along the ecliptic in the 265 or so years from the 
observation of Hipparchus to the beginning [of the reign] of Antoninus [13778], 
which was when we made the majority of our observations of the positions of the 
fixed stars. From this we find that 1° rearward motion takes place in 
approximately 100 years, as Hipparchus too seems to have suspected, according 
to the following quotation from his work ‘On the length of the year’: ‘For if the 
solstices and equinoxes were moving, from that cause, not less than 74th of a 
degree in advance [i.e. in the reverse order] of the signs, in the 300 years they 
should have moved not less than 3°’.°? 

In the same way we took sightings of Spica and the brightest among those 
stars near the ecliptic, from the moon, and then [having done that], were ina 


*' See V 1, with notes, for a detailed explanation of the use of the instrument. Ptolemy's procedure 
explains why the mean error in the longitudes of his star catalogue, about 1°, is the same as the mean 
error of his lunar and solar positions, derived from his faulty equinox (see III 1 p. 138 with n.21). 

* This observation is discussed in some detail by Pedersen, 240-5, with a computation of the 
parallax. Unfortunately he has made errors, notably in the angle between ecliptic and hour-circle 
in the first observation (see Toomer [3] p. 143). 

*® The ‘300 years’ is a reference to the interval between the solstice observation of Meton (-431, 
cf. HI | p. 138) and Hipparchus’ own time. This was obviously one of the comparisons which 
Hipparchus made. 
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better position to use those stars to take sightings of the rest. We [thus] find that 
their distances relative to each other are, again, very nearly the same as those 
observed by Hipparchus, but their individual distances from the solsticial or 
equinoctial points are in each case about 27° farther to the rear than those 
derivable from what Hipparchus recorded. 


3. {That the rearward motion of the sphere of the fixed stars, too, takes place 
about the poles of the ecliptic}** 


From the above it has become clear to us that the sphere of the fixed stars, too, 
performs a rearward motion along the ecliptic, of approximately the amount 
indicated. Our next task is to determine the type of this motion, that is to say, 
whether it takes place about the poles of the equator or about the poles of the 


inclined circle of the ecliptic. Since great circles drawn through the poles of 


either one of the above [equator or ecliptic] cut off unequal arcs on the other, 
[the answer to] the above [question] would become apparent merely from the 
motion in longitude, were it not for the fact that the motion in longitude over the 
time available [for comparison of observations] is so extremely small that the 
diflerence due to the above effect would be, as yet, imperceptible. The easiest 
way to detect [the answer] is through [comparison of] the positions [of the stars] 
in latitude®® in ancient times and now. For it is obvious that whichever of the 
two circles, equator and ecliptic, it is from which they can be shown to maintain 
a constant distance in latitude, that is the circle about the poles of which the 
motion of their sphere will take place. 

Now Hipparchus agrees with [the idea of] the motion taking place about the 
poles of the ecliptic. For in ‘On the displacement of the solsticial and equinoctial 
points’ he deduces from the observations of Timocharis and himself that Spica 
(again) has maintained the same distance in latitude, not with respect to the 
equator but with respect to the ecliptic, being 2° south of the ecliptic at both 
earlier and later periods. That is why in ‘On the length of the year’ he assumes 
only the motion which takes place about the poles of the ecliptic, although he is 
still dubious, as he himself declares, both because the observations of the school 
of Timocharis are not trustworthy, having been made very crudely, and 
because the difference in time between [Timocharis and himself] is not 
sufficient to provide a secure result. We, however, find the [latitudinal distances 
with respect to the ecliptic] preserved over the much longer interval [down to 
our times], and that for practically all fixed stars. We can therefore with good 
reason consider the motion about the poles of the ecliptic as now more firmly 
established. For when we observe the latitudinal distance of any star with 


respect to the ecliptic, as measured along the great circle through the poles of 


the ecliptic, we find that it is practically the same as that computed from the 


54 See Pedersen 246-9. 

55 ‘latitude’ is ambiguous here and below. It means ‘direction orthogonal to the circle in 
question’, i.e. ‘latitude’ (in the modern sense) with respect to the ecliptic, and ‘declination’ with 
respect to the equator. Cf. Introduction p. 21 and p. 63 n.74. 
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records of Hipparchus,” or if there is a discrepancy, it is of very small size, such 
as can be accounted for by small observational errors. But when we consider the 
distances [of the stars] from the equator, as measured along great circles 
through the poles of the equator, we find [1] that those observed by us do not 
agree with those recorded in the same way by Hipparchus, and [2] that the 
latter do not agree with those recorded even earlier by Timocharis and his 
associates; rather, the constancy of their latitudes with respect to the ecliptic is 
confirmed even more by these very observations, since the distances from the 
equator of the stars located on the hemisphere from the winter solstice through 
the spring equinox to the summer solstice are found to be ever more northerly 
compared to those [of the same stars] in earlier periods, while for stars located 
on the opposite hemisphere they are ever more southerly. Furthermore the 
differences [ between earlier and later observations] are greater for stars near the 
equinoctial points, and less for stars near the solstices, and these differences are 
just about the same as the amount by which that section of the ecliptic to the 
rear [of the earliest longitude of any particular star] defined by the correspond- 
ing motion in longitude [during the period in question] produces a displace- 
ment to the north or south of the equator. 

In order to illustrate this point for a few easily recognisable stars we will set 
out, for each of the two hemispheres mentioned, their vertical distances from 
the equator, as measured along the great circle through the poles of the equator, 


» as recorded by the school of Timocharis, as recorded by Hipparchus, and also as 


determined in the same fashion by ourselves.°’ [See p. 331.] 

In the case of all the above stars, which are located (to speak of their 
longitudinal position) on that one of the above-defined hemispheres which 
contains the spring equinox, the vertical distances from the equator which are 
later in time are all more northerly than the earlier, and for those stars very near 
the solsticial points [the difference] is very small, while for those near the 
equinoxes”® it is quite considerable: this accords with a rearward motion about 
the poles of the ecliptic, for if one takes successive sections of this semi-circle [of 
the ecliptic] going towards the rear, each is more northerly than the one in 
advance of it, and the difference [between successive equal sections] is again 
greater near the equinoxes and less near the solstices. 

(Seep. 332. | 


tofc kata tov “Innapyov dvayeypappévats Kai ovvayopévaie, literally ‘those recorded and 
computed according to Hipparchus’. I take this to mean that Hipparchus recorded certain stellar 
positions (mainly declinations), from which Ptolemy computed the latitudes. All the evidence 
(including this passage) is in favour of the hypothesis that Hipparchus did not record stellar 
positions in latitude and longitude (except for a few special cases like that of Spica mentioned above, 
for the specific purpose of determining the precession). Otherwise it is impossible to explain why 
Ptolemy went through the cumbersome process of comparing declinations (pp. 331-2), instead of 
simply comparing latitudes observed by Hipparchus and himself. 

57 These stars are listed in Ptolemy’s catalogue as follows, 1. X VI 3:2, not listed, but cf. XXIII 30- 
2; 3, XXIII 14; 4,X11 3; 5,XXXV 3; 6. XXXV 2:7, XXXVI 1; 8, XXIV 1; 9,XXIV 2. I have 
followed Manitius in arranging Ptolemy’s continuous text in tabular form. 

*8Sic (plural, although only the spring equinox is involved). The inaccuracy is probably 
Ptolemy’s, caused by his thinking of the general situation (differences large near either equinox, 
small near either solstice). 
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Thus in the case of all these stars, the reverse [of the above] is true, as one 
would logically expect: the later vertical distances from the equator are more 
southerly than the earlier, in proportion [to the time intervals and locations]. 

Furthermore one can conclude from these data that the rearward motion in 
longitude of the sphere of the fixed stars is, as we said previously [p. 328], 1° in 
about 100 years, or 23° in the 265 years between Hipparchus’ and our 
observations. It is particularly [easy to do this] from the differences in 
declination found for those stars near the equinoctial points. 

For the middle of the Pleiades, which was found to be 152° north of the 
equator in Hipparchus’ time, and 164° in our time, has {thus] moved 175° 
northward in the interval between us: this is nearly the same as the difference in 
declination from the equator between [both ends of] the 25° of the ecliptic near 
the end of Aries which represents the rearward motion in longitude over that 
interval.°' And the star called Capella, which was found to be 402° north of the 
equator in Hipparchus’ time, and 41 6° in our time, has [thus] moved northward 
$°: this is, again, the same as the difference in declination from the equator of 
[the ends of] the [intervening] 23° of the ecliptic near the middle of Taurus. 
Also, the star on the advance shoulder of Orion, which was found to be 1#° 
north of the equator in Hipparchus’ time, and 23° in our time, has [thus] moved 
northward about 3°, which is nearly the same as the difference in declination 
from the equator of [the ends of] the [intervening] 23° of the ecliptic two-thirds 
through Taurus.” 

The situation is similar on the opposite hemisphere. Spica, which was found 
to be s° north of the equator in Hipparchus’ time, but 3° south in our time, has 
{thus] moved southwards 170°, which is, again, the amount of the difference in 
declination from the equator of the [ends of the] 23° of the ecliptic near the end 
of Virgo. And the star in the tip of the tail of Ursa Major, which was found to be 
604° north of the equator in Hipparchus’ time, but 595° in our time, has [thus] 
moved southwards 175°, which is the amount of the difference in declination 
from the equator of the 95° of the ecliptic near the beginning of the sign of 
Libra.© Also, Arcturus, which was found to be 31° north of the equator in 
Hipparchus’ time, but 298° in our time, has [thus] moved southward 16°, which 
is, likewise, approximately the amount of the difference in declination from the 
equator of the 23° of the ecliptic near the beginning of Libra. 


61 From Table I 15, 
§ (30°) = 11;39,59 a, A 
5 (329°) = 12:36,29 } A= 0;57,30°, 
which is considerably less than Ptolemy's | 15°. Perhaps he has carelessly computed 6 (30°) ~ 11,;40°, 
93/30 x 11;40° ~ 1;2°. . . 

62 In the catalogue these two stars have very nearly the same longitude. Capella being placed in 
8 25 (XII 3) and the star in Orion in 8 24 (XXXV 3). Yet here they are placed ‘in the middle of 
‘Taurus’ and ‘two-thirds through Taurus’ respectively, and this is the basis of Ptolemy’s 
calculations. For, from table I 15, the difference in declination of 23° near 45° is about 49’, and near 
55° is about 41’. Thus the statement regarding Capella seems to rest on an error. 

63 Sict The longitude of the star in question is §) 292 in the catalogue (II 27), so one would expect 
‘the beginning of Virgo’ here. But the mss. are unanimous, and I hesitate to emend, both peo: of 
the other gross inaccuracies in this passage, and because a difference in declination of 173° is ae 
great for the beginning of Virgo (from Table I 15 one finds about 57’ for an argument of 30°). 


However, Ptolemy gives the same amount, 175°, for the ‘end of Aries’ (above, with n.61). 


24 


H25 


H26 


PiZg 


334 VII 3. Precession: the Pleiades 


The point in question will become even clearer to us from the following 
observations.” 

[Firstly] Timocharis, who observed at Alexandria, records the following. 
In the 47th year of the First Kallippic 76-year period, on the eighth of 
Anthesterion,® which is Athyr 29 in the Egyptian calendar, towards the end of 
the third hour [of night], the southern half of the moon was seen to cover exactly 
either the rearmost third or [the rearmost] half®® of the Pleiades. That moment 
is in the 465th year trom Nabonassar, Athyr [III] 29/30 in the Egyptian 
calendar [-282 Jan. 29/30], 3 seasonal hours before midnight, or 33 equinoctial 
hours (since the sun was in about # 7°). The interval reckoned in mean solar 
days comes to about the same number of equinoctial hours [33] before mid- 
night. At that moment, according to the hypotheses we demonstrated pre- 
viously, the position of the moon was as follows: 

true longitude: 8 0;20° 
(i.e. distance from the spring equinox: 30;20°) 
[latitude]: | 3;45° north of the ecliptic 
apparent longitude 2920" 
} in Alexandria 
apparent [latitude] 3;35° north of the ecliptic®’ 

(for the culminating point was irds through Gemini). 

Therefore at that time the rearmost end of the Pleiades was about 293° towards 
the rear from the spring equinox (for the moon’s centre was still in advance of 
it), and was about 3§° north of the ecliptic (for, again, it wasa little north of the 
moon’s centre). 

[Secondly] Agrippa, who observed in Bithynia, records that in the twelfth 
year of Domitian, on the seventh of Metroos according to the calendar of that 
region,®® at the beginning of the third hour of night, the moon occulted the 
rearmost, southern part of the Pleiades with its southern horn. That moment is 
in the 840th year from Nabonassar, Tybi [V] 2/3 in the Egyptian calendar 
[92, Nov. 29/30], 4 seasonal hours before midnight, or 5 equinoctial hours 
(since the sun was in about 7 6°).°° Therefore, reduced to the meridian of 


6 There are numerous difficulties connected with the following observations of occultations, 
Ptolemy’s interpretations of them, and his calculations. To deal with them here would require too 
lengthy a discussion. Although they have been much discussed (e.g. by Schjellerup, ‘Recherches’ 
IJ, Fotheringham [1] and Fotheringham [2)}), the only satisfactory treatment is in Britton [1], 107- 
28, to which the reader interested in Ptolemy’s (often strange) interpretation of the data is referred. 
However, Britton does not consider the aspect of the errors resulting from Ptolemy’s miscomputa- 
tions on the basis of his own theory. The more gross of these are noted below. These only reinforce 
Britton‘s conclusion that the observations could not have been selected at random. 

6° These and similar dates (pp. 335, 336 and 337) attributed to Timocharis must be dates in the 
artificial Metonic/Kallippic calendar. See Introduction p. 12. 

°° It is most unclear what is meant here. Were there discrepancies in Timocharis’ report (or in the 
mss. of it available to Ptolemy)? Or does this represent variations in the 4/mages! ms. tradition? The 
translation of al-Hajjaj has ‘a half’ only. 

*’ Computed from Ptolemy’s tables: 4 © #¢ 7;8°, 2 € 30;11°, B € +3;45°. Apparent longitude and 
latitude at Alexandria 29;0° and +3;38°. 

8Metroos is the month of the Bithynian calendar. See Introduction p. 14. Agrippa is 
unknown apart from this passage. 

This implies that the longest day was about that of Clima V (Hellespont), which is 
approximately correct for Bithynia. But Ptolemy’s correction of —20 mins. for reduction to the 
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Alexandria, the observation occurred 53 equinoctial hours before midnight, or 
5% hours with respect to mean solar days. At this moment the positions of the 
centre of the moon were as follows: 
true longitude: 8 3;7° 
[latitude]: 42° north of the ecliptic 
apparent longitude Salar 
} in Bithynia 

apparent [latitude] 4° north of the ecliptic 

(for the culminating point was two-thirds through Pisces).”° 
Therefore at that time the rearmost section of the Pleiades was, in longitude, 334° 
towards the rear from the spring equinox, and, [in latitude], 33° north of the 
ecliptic.” 

Hence it is clear that the rearmost part of the Pleiades was, both then and 
now, the same distance in latitude, 33°, north of the ecliptic, as measured along 
the great circle through the poles of the ecliptic, while in longitude it has moved 
3;45° towards the rear from the spring equinox (since it was 293° from the 
equinox at the first observation and 334° at the second) in the interval of 375 
years comprised between the two observations.” Therefore in 100 years the 
rearmost part of the Pleiades has moved 1° towards the rear. 

Again, [firstly] Timocharis, who observed at Alexandria, records that in the 
36th year of the First Kallippic Cycle, on Elaphebolion 15, which is Tybi 
5, at the beginning of the third hour, the moon covered Spica with the middle of 
that edge of its disk which is towards the equinoctial rising-point [i.e. the east], 
and that Spica, in passing through, cut off exactly the northern third of [the 
moon’s| diameter. 

This moment is in the 454th year from Nabonassar, Tybi [V] 5/6 in the 
Egyptian calendar [-293 Mar. 9/10], 4 seasonal hours before midnight, which 
is also 4 equinoctial hours approximately, since the sun was in about 3€ 15°; 
and reckoning with respect to mean solar days leads to about the same number 
of hours before [midnight]. At that moment the positions of the moon’s centre 
were as follows: 

true longitude: np 21;21° 
(i.e. distance from the summer solstice was 81;21° towards the rear) 


meridian of Alexandria implies that Agrippa was observing at a place 5° to the east: in fact no place 
in Bithynia was more than 3° to the east of Alexandria; moreover, in the Geography (8.17,.3-7) 
Ptolemy puts all the cities in Bithynia zes? of Alexandria. 

70 There are some gross errors here. Computed (for 6;15p.m. Alexandria): 4 ( = 32;13° (0;54° less 
than the text!), B ( = +4;53°. One might think that Ptolemy computed tor 8 p.m., i.e. took ‘at the 
beginning of the third hour’ as if it were equinoctial hours at Alexandria, were it not that the 
culminating point he gives is approximately correct (for 7 p.m. local time Bithynia I find 3€ 18;5°), 
His parallax corrections are also inaccurate (I find pa = +0;19°, ps = —0;38°, and hence, for the 
apparent position of the moon, A = 32;32°, B = +4;15°. One need hardly say that this error is 
disastrous for the ‘verification’ of Ptolemy’s precession constant. 

71 As Manitius points out (p. 402), in his catalogue (X XIII 32) Ptolemy assigns a latitude of +33 to 
the rearmost end of the Pleiades. But the discrepancy can easily be explained by the fact 
that he is referring, not to a specific star, but to part of the general mass. 

72 From Nabonassar 465 to Nabonassar 840. 
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true [latitude]; 12° south of ecliptic 
apparent longitude: 8273° from the summer solstice” 
apparent [latitude]: | about 2° south of the ecliptic 
(for the middle of Cancer was culminating). 
Therefore, from the above, [we conclude that] Spica was at that moment 823° 
in longitude from the summer solstice, and just about 2° south of the ecliptic. 

Likewise, [secondly] in the 48th year of the same [First Kallippic] Cycle, 
he says that on the sixth day from the end of the last third of Pyanepsion,” 
which is Thoth 7, when as much as half an hour of the tenth hour had gone by, 
and the moon had risen above the horizon, Spica appeared exactly touching the 
northern point on [the moon]. 

This moment is in the 466th year from Nabonassar, Thoth [I] 7/8 in the 
Egyptian calendar [-282 Nov. 8/9]; [the hour is], according to Timocharis 
himself, 33 seasonal hours after midnight, or approximately 33 equinoctial 
hours,’° since the sun was near the middle of Scorpius; but, according to logical 
reasoning, {it must have been} 2) hours after midnight. For that is the time 
when LI 223° is culminating, and m 223° (approximately) is rising:’° and that 
[m 223°] was the longitude of the moon at that moment when, as he says, it was 
rising. Reckoning with respect to mean solar days, we find that only 2 
equinoctial hours had passed since midnight. At this time the positions of the 
centre of the moon were as follows: 

, true {longitude}: distance from the summer solstice: 81;30° 
true [latitude]: 24° south of the ecliptic 

apparent longitude: 823° [from the summer solstice] 

apparent [latitude]: 24° south [of the ecliptic].”” 
Therefore, according to this observation too, Spica was the same distance of 
about 2° south of the ecliptic, and was 823° from the summer solstice. So in the 
12 years between the two observations it moved about 6° towards the rear from 
the summer solstice. 

[Thirdly] the geometer Menelaus says that the following observation was 
made [by him] in Rome. In the first year of Trajan, Mechir 15/16, when the 
tenth hour [of night] was completed, Spica had been occulted by the moon (for 
it could not be seen), but towards the end of the eleventh hour it was seen in 


3 Reading 7B 1B’ (with A'BCD) for xB iB (82;12°, the reading of Ar) at H29,7. In the circum- 
stances of the observation this seems more likely to lead to the position of 823° which Ptolemy 
deduces for Spica (below). It is also closer to my computation (A ( , apparent, 172:;7°), though this is 
no argument. Corrected by Manitius. 

™ tH ¢’ pBivovtos, ie. the 25th of the month. For this way of counting days see Introduction p. 
13. The true Attic form of the month name is [{vavowiwv, but the spelling with epsilon is found 
outside Attica (see LSJ s.v.), and is probably that used by Timocharis himself. 

™ Since the length of 1 seasonal night-hour was 16;38°, the length of 33 hours was 58;13°, or about 
3% equinoctial hours. Hence I considered emending the text at H29,21 to Ay Aginoboag H (4 - g). 
However, it seems more probable that Ptolemy simply made the error of computing day-hours 
instead of night-hours, which does indeed lead to 3% equinoctial hours. The error has no 
consequences, since Ptolemy takes a quite different time. 

’®For calculations of these see Appendix A Examples 4 and 5. 

™ Calculated (cf. Appendix A Examples 9 and 10): A@ = 171;39°, BC = -2;7°. Apparent 
positions: A = 173;1°, B = -—2;20°. 
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advance of the moon’s centre, equidistant from the [two] horns by an amount 
less than the moon’s diameter. 

‘This moment is in the 845th year from Nabonassar, Mechir[VI] 15/16 in the 
Egyptian calendar (98 Jan. 10/11], 4 seasonal hours after midnight when the 
moon’s centre was approximately covering Spica, which corresponds to 5 
equinoctial hours, since the sun was in about Vp 20°; when reduced to the 
meridian through Alexandria this is 63 equinoctial hours,’® and [this], with 
respect to mean solar days, is 64 hours (or a little more). At this moment the 
positions of the centre of the moon were as follows: 

true [longitude]: 853° from the summer solstice 
true [latitude]: about 15° south of the ecliptic 
apparent longitude: 862° from [the summer solstice] 
apparent [latitude]: 2° south [of the ecliptic] 
(for the culminating point was about a quarter of the way through Libra). 
Therefore that was the position of Spica too at that moment.®? 

It is clear that Spica was, again, the same amount south of the ecliptic, 
namely 2°, both in Timocharis’ time and in our time, and that its movement 
towards the rear in longitude is 

3;55° in the 391 years from the observation in the 36th year [of the First 

Kallippic Cycle to the observation of Menelaus], and 

3;45° in the 379 years®’ from the observation in the 48th year. 

Hence from these data too we conclude that the motion of Spica towards the 
rear in 100 years is about 1°. 

Again, Timocharis, who observed in Alexandria, says that in the 36th year 
of the First Kallippic Cycle, on Poseideon 25, which is Phaophi 16, at the 
beginning of the tenth hour, the moon appeared to occult the northernmost of 
the stars in the forehead of Scorpius very precisely with its northern rim. 

This moment is in the 454th year from Nabonassar, Phaophi [IT] 16/17 in the 
Egyptian calendar [-294 Dec. 20/21], 3 seasonal hours after midnight, or 38 
equinoctial hours, since the sun was in about f 26°. Reduced to mean solar 
days this is 36 hours. At this moment the position of the centre of the moon was 
as follows: 

in true [longitude]: 314° from the autumnal equinax [towards the rear} 
[in true latitude]: 13° north of the ecliptic® 


78 Te. the longitudinal difference between Rome and Alexandria is taken as about 20°. In fact it is 
about 173°. In the Geography the error iseven more exaggerated. There (8.5.3 Nobbe) Ptolemy states 
that Rome is 1" to the west of Alexandria, in accordance with the assigned longitudes of 363° and 
603° (ibid. 3.1.61 and 4.5.9). Heron, Diopiva, took the diflerence as 2 hours (Neugebauer [3], 22). 

79 Here toomy computations show significant discrepancies: A ( 175;27°.B © - 1;19,30°. Apparent 
positions at Rome, A 175;39°, B -2;10°. Ptolemy’s parallaxes, +30’ in longitude and - 40’ iniatitude, 
imply a total parallax of 50’, which is approximately correct, and an angle between altitude circle 
and ecliptic of c. 140°, which is impossible at the situation in question (moon roughly " *" west of 
meridian, as his culminating point shows). Could he have taken the eastern angle in error? 

89 In the catalogue (X XVII 14) Spica has coordinates of m 267° and —2°, in agreement with the 
data here (allowing for a movement of 25’ in longitude in about forty years). 

8! Reading t06 (with D,Ar) for TOE (‘375’) at H32,1. Corrected by Manitius, and by Heiberg, Op. 
Min. p. XIV. 

82 Computed: A € 211;23°, BC +1;17°. 
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in apparent longitude:® 32° [from the autumnal equinox] 
in apparent [latitude]: 175° north of the ecliptic®* 

(for the culminating point was the middle of Leo). 

Therefore at that moment the northernmost of the stars in the forehead of 
Scorpius was the same amount, 32°, from the autumnal equinox in longitude, 
and about 13° north of the ecliptic [in latitude]. 

Similarly, Menelaus, who observed in Rome, says that in the first year of 
Trajan, Mechir 18/19, towards the end of the eleventh hour, the southern horn 
of the moon appeared on a straight line with the middle and the southernmost 
of the stars in the forehead of Scorpius, and its centre was to the rear of that 
straight line, and was the same distance from the middle star as the 
middle star was from the southernmost; it appeared to have occulted the 
northernmost of the stars in the forehead, since [this star] was nowhere to be 
seen. 

This moment is, again, in the 845th year from Nabonassar, Mechir [V1| 
18/19 in the Egyptian calendar [98 Jan. 13/14], 5 seasonal hours after mid- 
night, or 6% equinoctial hours, since the sun was in about Vp 23°. Reduced to 
the meridian of Alexandria this is 73 equinoctial hours, and it is about the same 
with respect to mean solar days. At this moment the position of the centre of the 
moon was as follows: 

true [longitude]: 353° from the autumnal equinox [towards the rear] 
true [latitude]: 26° north of the ecliptic® 
* apparent longitude: 35;55° [from the autumnal equinox] 

apparent [latitude]: 13° north [of the ecliptic] 

(for the culminating point was the end of Libra 
Therefore the northernmost of the stars in the forehead of Scorpius had 
approximately the same position at the moment. 

Hence it is clear that for this star too its distance in latitude from the ecliptic 
has been observed to be the same in former times and in our times, while its 
position in longitude has moved away from the autumnal equinox towards the 
rear by an amount of 3;55° in the time between the observations, which 
comprise 391 years, from which it follows that in 100 years the motion of the star 
towards the rear amounts to 1°. 


ae 


*’ Reading @néyov (with D,Ar) for éméyov here (H32,18) and at the similar place H33,20. 
Corrected by Manitius. = 

** Reading &@ 1B’ (with Ar) for & 1B (1;12°) at H32,19. This gives better agreement with the 
observational data if a latitude of 13° is to be deduced (below). Corrected by Manitius. 
Computed apparent position: A € 212;30°, B@ +1;1°. 

8 Computed: A 215;21°, B@ +2:5°. 

*° Neugebauer has displayed all the computations leading up to this in various places in HAMA I, 
culminating in his remarks on pp. 117-18 about the impossibility of assigning a specific cause to the 
error in the final result. He also suggests (117 n.7) that one should read 2:6° and 1;3° for the true and 
apparent latitude. Although these numbers agree better with the calculation, 13° is certainly the 
correct reading, for it agrees with the latitude found from Timocharis‘ observation, and also with 
that assigned to this star in the catalogue (X XIX 1). 
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4. {On the method used to record [the positions of] the fixed stars} 


Thus, from our observations and comparisons of the above stars, from similar 
observations and comparisons of the other bright stars, and from the fact that 
we found the distances of the other stars with respect to the [bright stars] which 
we had established to be in agreement [with the results of our predecessors], we 
have confirmed that the sphere of the fixed stars, too, has a movement towards 
the rear with respect to the solsticial and equinoctial points of the amount 
determined (in so far as the time [for which observations are] available allows); 
furthermore, [we have confirmed] that this motion of theirs takes place about 
the poles of the ecliptic, and not those of the equator (i.e. the poles of the first 
motion). So we thought it appropriate, in making our observations and records 
of each of the above fixed stars, and of the others too, to give their positions, as 
observed in our time, in terms of longitude and latitude, not with respect to the 
equator, but with respect to the ecliptic, [1.e.] as determined by the great circle 
drawn through the poles of the ecliptic and each individual star. In this way, in 
accordance with the hypothesis of their motion established above, their 
positions in latitude with respect to the ecliptic must necessarily remain the 
same, while their positions in longitude must always traverse equal arcs towards 
the rear in equal times. 

Hence, again using the same instrument [as we did for the moon, V 1], 
(because the astrolabe rings in it are constructed to rotate about the poles of the 
ecliptic), we observed as many stars as we could sight down to the sixth 
magnitude. [We proceeded as follows.] We always arranged the first of the 
above-mentioned astrolabe rings [Fig. F,5] [to sight] one of the bright stars 
whose position we had previously determined by means of the moon, setting the 
ring to the proper graduation on the ecliptic [ring (Fig. F,3) for that star], then 
set the other ring [Fig. F,2], which was graduated along its entire length and 
could also be rotated in latitude towards the poles of the ecliptic,®’ to the 
required star, so that at the same time as the control star was sighted [in its 
proper position], this star too was sighted through the hole on its own ring. For 
when these conditions were met, we could readily obtain both coordinates of 
the required star at the same time by means of its astrolabe ring [Fig. F,2]: the 
position in longitude was defined by the intersection of that ring and the ecliptic 
[ring], and the position in latitude by the arc of the astrolabe ring cut off 
between the same intersection and the upper® sighting-hole. 

In order to display the arrangement of stars on the solid globe’ according to 
the above method, we have set it out below in the form ofa table in four sections. 
For each star (taken by constellation), we give, in the first section, its description 
as a part of the constellation;” in the second section, its position in longitude, as 


87 If the text is sound, Ptolemy is speaking carelessly here. As is clear from the description at Wal 
ring no. 2 is indeed graduated, but cannot perform a latitudinal movement; that is done by ring no, 
1, which fits inside no. 2 and has the sighting-holes attached to it. 

88 Literally ‘above the earth’. Cf. p. 219 n.6. 

8° For a description of this instrument see VIII 3. 

% Literally ‘the shapes’ (ta¢ poppwcetc), i.e. its position as a part of the mythological figure 
(animal, anthropomorphic or inanimate) which was delineated on the globe and (notionally) in 
the heavens. 
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derived from observation, for the beginning of the reign of Antoninus”’ ([the 
position is given] within a sign of the zodiac, the beginning of each quadrant of 
the zodiac being, as before, established at [one of] the solsticial or equinoctial 
points); in the third section we give its distance from the ecliptic in latitude, to 
the north or south as the case may be for the particular star; and in the fourth, 
the class to which it belongs in magnitude. The latitudinal distances will remain 
always unchanged, and the positions in longitude can provide a ready means of 
determining the [corresponding] longitude at other points in time, if we 
[calculate] the distance in degrees lbetween the epoch and the time in question 
on the basis of a motion of 1° in 100 years, [and] subtract it from the epoch 
position for earlier times, but add it to the epoch position” for later times. 
For the same reasons, our indications [of relative positions] in the descriptions 
must also be understood to accord with the above kind of hypothesis about the 
arrangement of the stars, and with the definition [of position] by [circles drawn] 
through the poles of the ecliptic. Thus, when we speak of star as ‘in advance of” 
or ‘to the rear of another, we mean that it occupies the relative position in 
question as defined by the ecliptic position [of the two stars, ‘in advance of ] 
referring to the section of the ecliptic which is in advance, and [‘to the rear’ ] 
referring to the section of the ecliptic which is towards the rear;”? and by ‘more 
to the south’ or ‘more to the north’, we mean nearer to the pole of the ecliptic 
(southern or northern as the case may be). Furthermore, the descriptions which 
we have applied to the individual stars as parts of the constellation are not in 


~every case the same as those of our predecessors (just as their descriptions differ 


from their predecessors’): in many cases our descriptions are different because 
they seemed to be more natural and to give a better proportioned outline to the 
figures described. Thus, for instance, those stars which Hipparchus places ‘on 
the shoulders of Virgo’ we describe as ‘on her sides’,”* since their distance from 
the stars in her head appears greater than their distance from the stars in her 
hands, and that situation fits [a location] ‘on her side’, but is totally 
inappropriate to [a location] ‘on her shoulders’. However, one has a ready 
means of identifying those stars which are described differently [by others]; this 
can be done immediately simply by comparing the recorded positions. 
The layout of the catalogue is as follows. 


*'L.e. according to the Canon Basileon (see Introduction p.11), Thoth 1 of Nabonassar 
885 (= 137 July 20). 

* Reading Taig tH Enoyxrc Ext tod petayeveotépov (with D,Ar) at H37,2 for toic tod 
petayeveotépov. Corrected by Manitius. 

** Although this is in general true, there appear to be exceptions. See Introduction p. 20, p.344 
n.110 (on catalogue III 15-18) and p. 377 n.35 (on catalogue XXXII 23-4). 

* Thus 6 Vir is described by Hipparchus (Comm. in Arat. 2.5.5., ed. Manitius p.190,10) as ‘the 
northern shoulder of Virgo’, and by Ptolemy (catalogue X XVII 10) as ‘the star in the right side 
under the girdle’. 


341 


inor 


Ursa Mi 


. 
. 


VII 5. Constellation I 


“Md Aq paidope st pue ‘(q°q' Eq) uontpen s1qery ay) pue (Suaqiozy Aq paps0ved JOU) “ssur y9a1F5) aWIOS UT PUNO] sI 2/1 Surpeas ayy ,¢ 
"UOHIPRY IIQVIy sy] Jo 
1s94 94] JO Bulpeas ay} OsTe st Yorym “(gT) Sisiutud (9‘g¢}q) Bsoqiazy ‘suotss9A uesefy-[e pue oe1Ag ay) ul sem 201 ‘1 § 0} Sulpsoooy ‘g YIM © 5 1Surpeay ,, 


‘(adIsNJO IE[NGO[D) sueqoyy snynuny 190 

(AaIsN]D OE"TeD) snonoEpeH snynuny 299 

sIeIg 1YStIg Jo anopere;) aye A IST 

Sunjg fo andojvjo7y $s .Guaojg aqouy pur siaieg M-d 

“‘upa s,yoszuuMysy Jo 96-E8 ‘YETeS-Se uqi 01 Burpsoooe suorss9A oIqeIy snoleA dy) UT s}URLIeA JO Ast] 2u) (aaquinu snd) ¢ 
SUOTILIAIIQGY 

‘AITII 


‘s[d [aqoury pur siaiag 9as “sul Y9o1H) ay) Ul JUdWAZUBIIe ay} JO Lap Ue 104 “ssaUID9II09 SU INOQe AjUIe}1IIUN IUIOS st d19Y) YY) s21eoIpul jUIUIaTO Aue 
03 1XOU Ysii9Ise UP BY) PUL “IRIS 94} JO UONBOYN Uap! 9Y) Pure “UONEI[aISUOD Yova UTYIIM sJoquinu SutuuN4 ‘suUINJO) YIXxIs pue ISITj 94) Se ‘BSurppe ut sanuepy 
Pamo]oy aavy J yey AyUO a}0u | WaH “/[-F] “dd uonosnponuy aes pasuese st onBopered vers oy) JO uONR[suR AU Yyorym uo safdioutid ay) UO <, 


{apnyusew YInoy ay) Jo 1¥3s [} 

way} JO yINos pue [ajsue}901 
24) Jo] apis zea ay) ut sueis ay YUM aut] 1YyBre.ns v UO BurAT 4eIs au L 
UONL]]IISUOD JY) IpIsino ses AqieaN 


{yunoy ay? Jo $ ‘pary) ay jo [ ‘apnituseur puogas ayj jo Zz ‘suvys 7} 
apts suIvs dy} UI QUO WI2IYIIOU 3y ], 

apts 191 3Y) UT IBIS WZYINOS sy], 

apts auies ay) (ur asoyj] Jo JsouusayIIOU JU T, 

3]8ULIIII IYI JO apts QUBAPL dy} UT sUBIS OY) JO JSOUIUAYINOS IY] 
[Apoq ayj] sutof rey ay) asaym aoufd ay) au0jaq ‘yeYI 07 IxoU BuO ay], 
[21 9Y3 UO 31 0} YX9U JUO JY], 

[2] ay) JO pua ayy uo seys ay], 

JOU BS1P) JO UONeT[aIIsUOZ []] 


TWh 4 
Wn g 
TWO u 


uondti9sac] [uone]jaisuos 


ur Joquinyy] 


S29139p Ul 
apniney 


saaugap Ul 
9pnjzisu0'T 


[uoneusisap | opnyruseyy 


ulopoyy] 


co 2eeydstuay usayjz.ou ay) ur suoyvpjazsuoa ay) fo jnodD) svjngv 1} G 


86H 


Ursa Major 


VII 5, Constellation II. 


p42 


de SUOT}IILIOD 94) ing 


10U SI .191}R] 2y)) 


‘(€ §) suontpe.n oiqeay pue (ig ,V) 49945 Yyi0q Jo ied UT puNoy st fg WEIEA IY. jo, 


‘PLE puR LE O1 Wastoy (gy ‘ou OG “d) stolng pue (gpd) Gepeg-Se uqt say10 yea yo Apuapuadapuy (- 
TP pey Suoisioa yiqey J, pur beds] oy yo % G01 Surptoo9y yeasts OO} Yon St YotYM “FF AOJ Pl[Os st UOIIPe “su IGUIY PUL Y2215 IU. ¢¢ 


‘ puey sy Jo pus, puv 00} ayi Jo dn, se yons suorssardxa Aq 19792] 
ay) paruasasdaustuy uayo aavy si0qEsuRs [ “AOId13XOdND pur (AOIQOUODND) SAOUODD >4!] SUA.19] 9sN 07 Sey aY ,pULY, PU 100], 40J D0UaPY “(ZT PUe TT ATX 
10 '$Z pur $I TIEX 89 Jo 'sAvmpe you ing) "we, pue Sj, ouasp 01 dizX pue Saou sasn A[peusou Auaporg ‘snowed onstualjapy Burmoyjog “Saowodxp 
‘ajqeqoudun Ajpeo1ydessoaujed 
ssui yuvixa Aq yno aus0q 


© OO 


‘Aysoy ine 100d £190 uo §1Z 1dope yd g¢ 


ewn a € F8ot 2h6 Ss Ui JO 491 9y1 0} QUO ayy, IZ 
PIN YX € ‘66+ 42% Te med pury yay; ayi ut [saeys om] 94) JO psoueApe a10UL 3y J, 02 
eWwn 4 fe sObt CU, ysty) pury yay ay) uo ‘auo Sururewiaa ay) 6I 
RIN 8 g St 2 U [Apoq ay] surof rey ay) a1aym aovjd ayi uo auo ay) gI 
PWN 6 i ppt 266 YUL] IYyI UO JUO ay) LI 
SUNN 19 6 6bt {11 & yoeq ay) UO JU0 ay) OI 
yesayeptupenb ay) ur sivis ayy} 61-9] 
ePWh GST v ror eet 26 GS 29U¥ ISI ayI MOTIq 41eIS JY T, CI 
WN (?)81 ¥ hans {¢ oS 2aUy IYSII 2y1 9AOGe Jes JU], PI 
BW > € £eot ‘9 % way) JO JsOUIUIYyINOs Jy] €1 
RW} ¢ £6o+ ‘G SS oo Med yo] yOuy ayi ut [oma] ayi JO JsouUZaYyIIOU dy], mal 
FINN 8 & Set £01 Ss 29Uy Ya] 9y1 UO IBIS BY T, II 
BW o '> aan Il & Way) JO IsSOWUaYINOS JY], Ol 
BWn a p Zt 6 os 3S2Y9 IYI Ul SikIS OMI aU} JO IsoUTUAaYIIOU 3y J, 6 
PIN (UES ¥ tbr £G Ss JBI1 Sy) 0} QUO ay], g 
BWA 2 $ E+ 0 & yoau sy) UT sIv}s OM} ay) JO paouRApE ai0UN dy], fh 
PIN (P)FzZ c <Qgt 92 Jeg aoueape ay} jo dn ayi uo seys ayy 9 
PIN; S Lian 0696 Lx Je31 9Y1 0} au0 ay], C 
BW J G ?Lb+ 992 PedYya10} 9Yy) Ul sIeIS OM} DY) JO p2oURApe JIOUI JY], As 
YING gt S ert £92 0 Tea1 3y) 0} 20 ay], ¢ 
BWA (v)z ¢ €Pt 266 0 sa42 OM} JY) UT suvyS DY] JO psoURApE JIOUI a4 L z 
PIN 9° v 266+ oo NOUS 94) JO pud ay} UO IBIS BY I 
Jofeyy esi¢) Jo uonejaysuory [qT] 
[uoneusisap apnyiuseyy sd0189p Ul s2o13ap ul uondiosaq (uonejaisuoa 


ulapoyy] 


apniney 


apnisu07T 


ul Jaquinyy] 


0VH 


343 


VII 5. Constellation II. Ursa Major 


“2GT oO1 apniisuo0y 947 PUusUTS OSTe JIQAIMOY OYM ‘(CTI XI 1ZZ¥1g) 


(GhS IITA 122¥Id) Yd JO 3ey3 03 spuodsazso9 uoNwoyNUaP! PUT, 101 
“(LS 298) uOTIpEN sqery yi jo wed pue g ‘suI y90I15 ay) Jo IeyI st paydope Surpeas ayy (EZ) AN IO} G{‘SPH I ,A ¥ BUIPLIY QQ, 


M-d JO yey} st surpy ‘ulezs290un Ayysty uoneoynuspy] ain 


syt-q Aq poidope st yorym 
“Peg sey (q° LT) uontpen quay ayn jo weg ‘sniueyy Aq paqoa11or ‘ayqissoduat st yorym “(£+ 2+7z) o} 7 Gusoy EL‘epH We (Og YUM) | 7 gm Suipeay oe 
‘oIqeay ay) jo wed ‘gs 0} Surposo8 § pue f5). UOnIPeA YoIIF) sy Jo ywed ur sind90 gz IUBLRA dy] co, 
‘} S 0} Surpsooow uoIpen sqe1y ay} jo Wed Ul SiNd90 ET WLIILA YY 29, 


uAT 1¢ 
16196 OSH 
co 16b08E OSHx 

UN'T OL 

ud] 8¢ 


uA'y OF 
uAOD d 
UAT) 2 


Sol ola) 


FAQ u 
BWN 2 


NN 


RWNN 3 
PN 3 
RW) A 
RN A 


[uoneusisap 
usl2poyy| 


stom on nN 


<< 
apnyuseyy 


pct 
£gG+ 


test 

cat 
263+ 
rogt 


saoidap Ul 


apniney 


Hoban 


bi 


COIT 


who NO 
~S 
NS 
qe 


ne 
On 
aN 


GaGG GG 


=H DON 


sdaisap Ul 
apnysuo'y 


furey } “yyy 43 Jo | “Yyrnoy 
ayy Jo Z ‘apnyruseur paryy 247 Jo [ ‘uoNYT[I}sUOD 9Y} aptsino sieis g} 
turuasy) pure [sofepy esi) Jo] ssa] quosy yi UZIMJaq IEIS BY, 
JINL] 3y} JO urese souRApE UI aUO ay] 
SI} JO IDUBAPE Ul DUO sy], 
S1¥3S JULEY 9914) SUIUTeUIAI JY] JO JsOWIeII ay], 
yt JO YOU JU0 ay, 
Oa'T Jo peay ay pue [solepy] 
Bs] JO Sdaq JUOY BY UZIMJaq sx¥Is [OM}] JY1 JO JsOUTUJaYINOS 947, 
}I JO 90URAPE UT Ie]s JUTeY Jays ay 7, 
YINOS IY} SPIVMO} VoUL)sIP dUIOS 1B “Ie JY) JOPUN Aes JY], 
UONL]]a}suUOD 9y} apis}no [solepy esi~} sepun sues 


{qyy ey) 
JOG ‘YIANOF ay} JO g ‘pary? ay) Jo g ‘apnUsSeW puOdas ay} JO g ‘seis 17} 
[22 ay2 Jo pus ay) uo “pare oy], 
auo a}ppiu ay 

[Apoq 
241] surol yr a19ym aouyd ay) 0} 1x9 [Ie] JY} UO s1Bys 99IY} BY) JO ISIY 9Y_ J, 
WI9Y} JO JsSOUIUJIYINOS 34 J, 
med pury 1y3t1 ay) ut [seys OM] 9y) Jo souUTaYIIOU Jy 7, 
Ppuesq-29U4 Vp] 94} UO Je}s 9uL 


uondriosaq 


GE 
bE 
6& 
6& 
I¢ 


0€ 
66 
86 


LE 
96 


GS 
v6 
£6 
GG 


[uoney]aisuoa 
wi saquinyy] 


6hyH 


Draco 


VII 5. Constellation LIT 


344 


QI—G] ‘SOU Jo saveUTps009 [ELI0} 
Jo Vey) URY? 191215 aq AU SUOLTJEUT[IEP AT) ‘S 
ondipsa sayeou3 & sey LZ] ‘OU ysnouny 61 ¢+H 1 


eiq *A 
Rig 2 
Big a 
rid o 
eiq J 
eq 3 
RIG Q 


wid u 
zig 0 
eid (P) Sb 
vig (2)9F 


vig (4)6¢ 
ewig A 
eq 2 
eq g 
ewig A 
vig ul 


[uoneusisap 
wiapo~w] 


oL OL 09° 686—Os«S‘ 

ob IL 6 FL6 LI 

oL 89 o 466 «= 9 

ob L9 6 166 = GI 
Q 4) 


enba ay} aqoys seys s Auajo1g UO *pr2puy -Adde jou Avur apna peutiou ay) aseo YoTyM ut ‘(3 — 06) 9dI]99 
APNE] WIIYWOU BWINIXA YIM S.LEIS 1OJ JO AC ay) 01, og Ajpeuiou pynom snyy pue ‘gy ‘ou uey) apniisuo} 


‘sniqvUey] 


Aq payasuory ‘ydope J 1x9} ay) YUM juauiga13e ul ‘g] pue G] Jo 9ouRApe Ur, sue gy] pur /| Pur ‘gy Jo soueape ur, st ZT MQ “GT JO Jas ay} 01, SGT SNYL 


aq prnom 
aya jo ajod au) 


‘ soueas, “(Ly ‘Ss yoatH) aayi0) Soasrioug soy (19 A TA yum) SoasdaoAodu BUIPEIY 91 
‘(pauruexa savy J YOIYM “sur Tre) 2qeay ays Woy “$18 ydope Md 601 
‘ yaayp, parejsues aq ose pfno2 Yory™ SABA oo) 


a 1 = (ia if ; 

[ase] ay) Jo] soueape 
¥ CHRt te] IB UI SI YOM ‘gjsueisy }XOU JY) UL SIBIS JIU oy) Jo p11 P2OUBAPE ysOul JU 
G FO8t 29% cb ead gy} 0 UO ay] 
G oor [St micas ayBuelsy ay JO Seis OMI 19YIO IY1 JO poouevape 210 24 |, 
G <Q8t 601 ty puaq IxoU ay) Ul ssuRI 94) [Sutwu0y dsoyi] Jo seis USYINOS YT, 
¥ 2LL+ 266 * apis swat sy] JO BIS ULIYINOS o4uL 
yp 2gL+ he dlp [jexayeptapenb ayp jo] apis seas ay) Jo BIS usizyuou IY], 
% get £03 x apis aouRApe ay) Jo 11s Ajsay you 210UL 94,1, 

puag 1xouU ay) Ut jeszarepiupenb 
$ £19+ 8 x ay) Jo apis suvApe 23 Buruioy [oma] aya JO BIS UOYyINOS PY L 
y £1gt “61 A JINR] Vy JO sea anp pue jess 9) 0} 121s 2U 
¥ ‘08+ 286 £ guo appt 24. 
¥ F8Lt 2 a gsay} JO ISOULUAaYINOS IY] 

yoou 
P £G8+ £06 ofa ayy Jo puaq IS41j 94} Ul OUtT WYyBrIesys B Us IBIS ¢ IYI JO JSOUIUJIYIAIOU JY J, 
& tqL+ $63 ‘Wi peay ay) 2aoqe se1s 24. 
% 08+ £17 “Ww ao Mel aya UO TERS BY 
& BG 2g] “Ww aka ayy aaoqge 12)s FUL 
$< EQL+ aT] Ww ymour ay) ul seIs OY] 
v colt £96 = an8uo} ay} uO 1e}s 24 |, 

oowig jo uoreyjaisuor [IT] 
apnyiuseyy sagidap ut | saoidap ul uondts9saq 
apniney apniyisu0y 


¥FH 


[uoneyaisu0l 
ul Joquinyy] 


345 


Cepheus 


VII 5. Constellation IV. 


ETOH 1 ‘q yum “(sayraoye [¢,) BY gorlo Bune 5, 
“$1, 40} Gureg-se uqi ur sows pequos ev Ajqeqoud st Z¢], “Lg ‘OU 01 QZ “OU Jo sa1eUIpsoOD 9Y1 paInqine ApUayeistuL sey dy IBY IvI]O YW sayeUs 1X21 
-U0d dy} {Z¢] 40} snoumueUN st /Z-OU Jo UOIIpEN sIqery 294) gS 0} Surpsoooy *L'LbH Ve (£01) ,4 1405 (Hd Aq paidope ‘ny ym) Ar Surpeay ,,, 
“M-d pue snnrueyy Aq paye110Z (248) $Z JO yey) pue (+78) 
ZZ JO Jey) U9MIAq saT] EZ ‘OU Jo apNaTIEy ay) Jey? saansua UONdrosap 8, AUIaTOI g Dour ‘Buosm aq isnuy £08 “H‘ZPH 3 (£08) ,A wAOy (TY YUM) Au SuIpHry ;,, 


‘ranaq 


yonw vig Xjo uoNRoo] penioe ay pue UONdtudsap s Aut2]O3g YI SI FEB “yy-d Aq parsasi0Z '0Z‘SPH 1 (218) , 7 Qu 40} (ay ‘q ym) | 7 Au Suipesy |, 


dap u 
dary 0 
dan g 
day A 
day x 


eid ¥ 
ACG | » 
eid n 
eid (101 
eid 1 
eid @ 
wig u 
ea 2 
vid (461 
ead (3)81 
rig 
ead (LZ 
vq 
vig x 


[uoneusisap 
usapoyy] 


So Ocal ontary op) 


apnyiusepy 


ZL+ 
69+ 
elt 
rEgt 
SGL+ 


$90189P Ul 
apniney 


16 3€ 
$91 3 
tL db 
€ 8 
¢ 8 
2€1 es 
261 Se 
71 
1 UV 
a 
cr él Gu 
OT du 
eo 
'6 du 
6 du 
$16 & 
48% Ss 
211 8 
{06 8 
saaidap Ul 


apnysu0'y 


I SayoNo} YOTYM ‘MOg]a YS IYI JZAO IIS 94 T 
VE sayono} YOIyM “Jappnoys IYStI IY] 19A0.181S 2YT, 
apts YB 9y3 UO iaq ay? JapuN 44s 2Y TL, 
82] Ye] Ay UO JU 2Y f 
Sa] WYSt ayy UO I¥Ys JY], 
snaydary jo uoneyjaisuon [Aq] 


vr fXIS 
ayp JO Z “YY IYI Jo g “Yranoy ay Jo g] ‘apnarusew pay) aq jo g ‘sieis [¢} 
qrey aya jo dij ay) uo ‘ueis Surureuas oy], 
jre1 ayy Aq ‘asayi Aq asojd 1838 34], 
[omy] asay) Jo zeIs 43d 3Y T, 
JIN] IY} Wooly VouUeRIsIP autos ayinb Z ay} JO 1eIs JOURAPE IY J, 
qed ayy Aq puag ay) ut ‘asay) JO IsaM IY} 0} IBIS DUT, 
asay} JO SOUIUIDYINOS 3Y J, 
SIM JY} O} Z IX9U JY} JO JSOUIUJIYIIOU IY T, 
Way) JO OUIUJIYIIOU 9Y ] 
3a1y) ay] JO duo ajpprur sy], 
DUI] JYSTeYS & UT SIBIS ¢ 1X9U IY} JO JsOUTUAIYINOS IY], 
QJOURAPE UT IU 3Y |, 
3]8uetz] ay) JO 1saM JY} 0} S1v}s [[BUIs OM) ay) JO JsOULIWII BY] 
OM) J24y}0 ay) JO sOUIUIIYIWOU JY], 
g[suein ay1 Suro} OMI 19YIO 9Yi JO JsOUUAIYINOS IY], 


uondtiosag 


AN MO TU 


1¢ 
0¢ 
66 
86 
Lg 
96 
GG 
¥6 
£6 
66 
16 


[uoryepfaisuos: 


ul Jaquinyy] 


9tH 


Bootes 


VII 5. Constellation V. 


346 


‘yoouo s pasydays v safquiasas gg “d Zz ‘Sty a[atyL ut algo ay L, “(doy 

LA ‘Id 2[2'Y,L) 2q0]8 asouse y aya uo payuasaidaa st yey st yey pure ‘(AOYOUOY) qN]D v (QT “OU) Auajorg Aq payyes st saroog Aq patsaeo yoalgo ay} “19AaM0HH 

‘UOLIO JaIUNY ay) 40j a[qisneyd asous aye] 9y3 ‘sa}00g URUSp1oy oY) 01 NWVLIdO’dde aaoUL aq P[NOM JoUAIOS BYP “NIP, JO BRIS s pssydays, se payeysursy 
Aysnoue a “(TL | AX XX) You Aq papjatm rey? 07 osye puke ‘sa}00g Aq pjay walqo vy) 0} paydde Aypeuonipesy yous paaano jo pury & ‘AOGODOY YO s 

‘S128 JQYIO OY) YIOg JO WY) URY) JaywoI stg ‘OU JO UorDUr/2ap aYI YeYyA WR] ay) Aq paystur Butaq ‘ssajareo sem Awia]O1g 
yey? aJqeqord suzaas HW ‘WaAaMOH{ “IY? JO, ‘A0200 0} BT“BPH JE AMLAD spusute sNIIURY] BUD} “g ‘OU JO JOU */ “OU Jo A[UO YILOU JY} OF ST IBIS PYT , 1, 
*6 § 07 Sulpsoooe vONIpes quay Jalj4ea IYI UT SiNd90 FEO JULLIVA SUT 97; 

‘1801 AD IVA Wosy UONBIISNTT! YIM *G-Pg “SfOO JapfIquiarg, ‘[epuNy-|[Og Ig “19]NI PeIUITIO UB aq 0} Pres sem 94 (snaydor sayyey 194 pue epawospuy 
‘snasiag Sutajoaut) y Aw ay) Jo suorsion AUR UI asnvoaq ‘“BULy UvISIIg OY) JO Ssoup-pesy Ysty ay) “ese IY) Suiuvam paquasasdos sem snoyday <1, 


rect 1G = ar WIS Fy) UO ,, “9594 JO YI4OU IY) 07 9U0 JY 8 
$grt io Jap[noys 1Yst1 sy) UO 1eIS BY YL L 
2gct $9¢ au peay ay) uo se)s YL 9 
6F+ te, du Japynoys ya} 2y} UO 41eIs 9YT, G 
§$G+ £6 au MOQ]2 Y2[ 34} UO IB}s 9Y ] , 
709+ tc au 2as4} dy} JO IsOULUBII JY], ¢ 
£8ct ap du 2a1y) ay Jo JsOUILaYyINOs pue s[ppiu 94], Fe 
§8G+ te wu WA Ya] Vy} Ul 9214) JY) JO psouRApeH sour 94 J I 
sa1oog jo uoneyaisuoy [ A] 
{yyy 
aya jo | ‘apnituseur yrnoj ay3 JO | ‘UOTE][aISUOD a4 SprsINo S4wis 3} 
£6G+ F136 € Biel) ay) JO 1224 IY} 0} DUO 24], EI 
#9t SET 3€ BIEI] JY} JO JUBAPE Ul UO 9Y |, ZI 
{uOre][IIsUOD ay2 aptsyno snayda_ punose sivIg 
{yyy ayI Jo g “YLANo ay) Jo J ‘opnyuseur psryy yp Jo | ‘sews TT} 
FIQ+ 61 Jay} 3y} JO IsoUTUAIy OU YT Ul 
gif (9 ELI XK ay} Jy) JO aU appr sy], Ol 
rO9+ {91 gy BZN JY UO sa¥Is ¢ ayR JO JOUUIDYIOs 2Y,1, 6 
¢o9r tL db We 1a] 24) UO 1eIS 94], 8 
eqgt £86 € jsyo ay} Ut 1B}S DY T, ia 
Flt 01x 3 sayono} ospe ystyM ‘moq]a Tey} Japun auo 2YL 9 
[uoneusisap apnyuseyy saaisap ul | saaisap ul uondis9saq [uone]]aIsu0S 
uslapoyy] apniney apnysu0'y] ur roquinyy] 


8 


v 


H 


347 


Corona Borealis 


I 


VII 5. Constellation V. 


*T ‘ou ueyy 


uoneUl[sap Jasso] B Sey G ‘OU asNBI9q .YINOS oY} 0}, sv I SaqtOsap ay Ie} AfaytUN surs—as 1] “(| ‘OU JO .4e91 DY} 01, OsTe) F “OU IBIS APIOYIOU JIOW Jy) YUM 11 
yses}u09 0} suvaw Ajasaur Ausajorg sdeysog “(,2pp) [ ‘OU Jo wey UBY? Ajuayjow D1OUL 1DEy UT St “1991109 SI 1X91 YI It ‘(ofppt) ABIS SIYD JO IPMN] IYT og, 
‘aseq Jap[noys auo saava] YoTyM oun] & ‘Sim 93 ue sivam saj00g (g[ | ‘UU se ‘ojarY J “B'a) Us—as avy | sUOTIeUAsoidaz ay) UY ‘aqpatB Jo pury ev ‘oro jdax 


cl st st cl sl 


oog a 
oog 1 

oog 
oog 2 

oog d 

oog 9 

oog 3 

00g My 
00g (4)9b« 
oog hy 
00g (2)Gtx 
qin o 
GD Uy 
oog A 


[uoneusisap 
usapoyy] 


NNN 


Gddaddddd eed eee 


te ten, Sie mie 


NN 


nie 


en Ste no cue =e 
Om OOMOOnr~ronnnne one 


saoidap ut | saaidap ur 
apniney apnisuo0y 


apnyrusepy 


YINOs JY) WIOIy 1BXs IYStIq 2y) JO 194 dy) 01 BUO IY], 


SI[eatog BUOLOT) Jo 4UOTIET[IISUOT) [IA] 


Ysippat ‘snanyory, payyeo ‘sys1ya ayi usamjaq 41eys sy], 6% 
‘UOTIRT[IIsSUOD ay} Iptsino [sa}00g] 19puN 411g 


{yy ayp Jo 6 “YuINo ayr Jo G ‘opmirudeur pay ayp Jo F ‘sters Zz} | 


W2Y} JO JsSOUIU.OYINOS 3y T, Be 

Ja1Y} IY} JO aU IPprul oy,T, IZ 

So] IQMOT Ya] Fy} Ul sreis ¢ IYI JO JsOWUISYRIOU Jy], 02 
]294 WSU sy} uO AKIs BY], 61 

Woy) JO psduURApR JJOUL 3y TL gI 

1[9q 9Y) UT s1eIs OMI JY) JO IsOUNIRII JY], Da 

6 Uosde ay) ur “ysiy YS ays UO AeIs ay, 9I 

JJe1s 2Y3 JO a]puvy sy) Jo pus sy] uo IeIs ay], GI 

UI9Y} JO ISOULIeII IY YT I 


qnyo 943 Ul “Jappynoys 941 MOTaIq suvIs OM} JY] JO JsOUTUTIYIIOU ay T, 
eis ayi jo dn ay) uo ‘styy jo ure8e yiiou ay) 0} 194118) QUO ay], 


Aq asojd ‘199}e] IU) JO uIeSe esi JY) 03 QUO BY], 


SIy} JO uleBe YOU pUe IeIz JY} 0} JUO BY], 
sty] JO YOU ayi 0} pue 1291 DY] 0} DUO JY], 
][@ JO 2oueApe ut jsoW 1e)S 9Y J, 

UMOID 3Y} Ul IBIs YSU 34], 


=a No tim © 


{apnquseur yssty ay} Jo 1eIs 7} 


ISLIM 3Y1 UT SIBIS OM] JY} JO PaouRAPe a10W JY J, 
WIE YSU IY) JO pus ayI UO JeIs DUT, 
Way} JO JsoUTUAaYINOS 3y J, 


[uonejaisuos 
ur Jaquiny]] 


uondussaq 


6SH 


0SH 


Hercules 


. 


I 


VII 5. Constellation VI. 


348 


‘UOTIPes} QULUPULXITY 21k] 94) UI 1eIS IpNytUseU YIG v se pajUNOD 

SEM SIy} WeYI ATUO ajBoIput Ady? ‘sUONaIL9¥ 19}e] Apqeqoud oav ssay) Jouls ng ‘saeIs spNyTUseU YIG pue YIF JO s[e10} a1ajduioy pue jensed ay) asdn prnom 
siyy Sundope ‘shes ( [Qf d) snniueyy sy (6°¢) 12H 3JO epnyusew oy) jo sayeuinsa usspow YUM JUdUIIIIBe Jatieq Ul “P< spNyuseUL dy? 9ARY IVC] cz 
‘(TIS 988) oIqeay pue (G,V) 49215) yI0q Jo uONIpexn 2y) UT sind90 Q[ JURIIRA BY TL ,,, 

“(IJNG-Se WO.]) 9¢g idope ose y—_ “(O19 Teqi4os UOUIUOD & kq 
SUIPBad 1991109 IY) WO paattop *2g9¢ aavy fellefy-je pur ) ¢'¢gH Ie (£0) o| AsOy ‘TT ul queLrea & se pungy ‘(Q] S Aq powryuod) sy YIM © 5 AA SuIpeay ,,, 
‘UORIPR.Y Iq Joe IY) ‘OL F 01 Burpsodow ‘pue ‘(7.2 + G49, UNUM ‘Og, Yy) UORIpeN yoory ay) UT sund90 fg IURLRA IY] 22, 

"€-006 ‘S109 Jap[iquiais, ‘Japuns-|[og pue “ZG-C/] 

Da}DLF ‘SMIUIAY “Q-ZQ “1IqOY "po ‘sousylsoqesgq-opnosd gos sounSy 19YIO puB SoPMoOPY YIM suoNeVoyNUapt oie] snotser 10 “AulajOIg JO snoruBUIay 


Aq 40 ‘uOnIpe.y Y9914) Jat]189 dy) UT sSeUOsod peosopoy Au Auv YIM PayNUapr OU ST JINSY IY T° 7L-E9 sMIBAY JO ‘saeuy sy uo [aansy] aya, Aj[esaw'yT ,2, 


YsIy) Jo] 241 Ut g ay) JO paoUeApE sour 2Y J, 
[y9031nq] ous ay} surtof ysry ey) JIaYyM JoeE;d ayI UO JUD DY], 
49073Ng Yay] 2y1 UO ‘1977e] 241 JO YOU aUO ay], 
apts yoy Wy) UT IIs BY], 
apis 1yst1 ay) Ul 1eIs JY], 
Way} JO IsOUTUaYINOS Jy T, 
Z 49410 JY} Jo jsowUIIYIIOU Jy], 
ISIIM Jat BYI UI sIeIs F DY) JO JsSOULIVII 9Y TL, 
MOQ]? aft 24) UO IBIS 9Y TF 
ue Jaddn yay 941 uo ueis 3y J, 
Japjnoys Yay IY) uO 1eys JY], 
MOQ]? 14S ayy UO IIS BUT 
; ue saddn yy81 oy) uo se)s 9YL, 
yiduie ay} Aq sappnoys 348 ay) UO IRIs JY], 
peay oy) uo seIs oY], 
iz S2INIBPY JO uONLTIsuoD [JA] 


=a NO HIN Om OD 


{yaxIs 
ay Jo | “YY au Jo | “yranoy yp Jo g ‘apnqtuseur puosas ay) Jo | ‘S.1VIs B} 
uMosd ay ut [s194y10 ayI] [[e JO ABI1 9Y} OF AIS BY L 
asay} JO UIESY 1291 JY} OF DUO ay T, 


[uoneusisap apnyuseyy soaid9p ul | saoidap ut uondisosaq uolEyfoisuoc 
wsapoy]] SPT apniisu07y ur saquin xy] 


¢SH 


349 


Lyra 


VIII. 


VII 5. Constellation 


IAT 3 
AT 0 


JIE] My 


[uoneustsap 
ulapoyy] 


‘eSIA SI IBIS DY} JO] 9UIEU UIIPOU BY] °G-FG ‘S[O9 JapuNs)-[]0g (sadUaIIJO1 JUITOUY JaYIO OJ) Pue “G-BOz 
snyery ‘EE SQULIDFY 0} UWIATY D1Z9WIOPY BY} “B’9 99g ‘aJA] ISALY BY) POION.SUOD SaUIDPY JURJUT By) ‘YIAUT YIIIH Ur ‘YSTY|M WIOL] ISIOIIO} 3Y) JO [JIYS PUY_L, o¢, 
‘(BI S 99S) UONIPEN sIqery 101e] 9y1 [[e IsOW]e jo Surpeas ay) yoRy ul st yw ynq ‘aunyoaluos Aq 409 paidope S1aqiay (9) Q3 AAeY “SSL Y92ID TV g21 
“aM-d Aq pardope ‘Zz aavy AV‘, 
"€] § 0} Sulpsioooe UOTIPE IqeIYy Jove ay] Ul puNo] st F/ JULLILA BUT ,-, 
‘yoszyuny Aq paulurexd ‘ssw sIqesy [[e Ul puNo} st pue 
‘SI S01 Surps0d98 ‘UONI pen dIqery 24) Jo IsOW Jo Surpeas ay} 19¥y ur st 1] “aanj9a[uoD s apog wos £Q9 paidope B1sqioyy “(¢g) AZ 2AeY “SSL YIIID ISO gz, 


b< $zg+ 
I z9+ 


¢ 78¢+ 


$ 09+ 
b root 
} seg 
b< FSgt 
¥ €9t 
r 6Z1 £09+ « 
9 

9 

9 

5 

¥ 


ra FoLt« 

FILt 

war OLt 

£69+ 

19+ 

b< lag 
$ oz fO9t® 


apniuseyy saoidap Ul 


apne] 


Il al ¢l ¢l 


saaisap Ul 
apnisu07 


1941930) dsojo ‘1917e{ IY] 1eaU Burd] sivys J IYI JO IsOWIUAIYyIIOU YL, 
BIAT P2T[P2 oc, TOYS 243 UO Aes YSU ay], 
eid] Jo uoneyjaisuor [TITA] 


fapniruseur yyy ay) Jo seis [} 
ue saddn ys ay) ul aUO ay] Jo YINOs IEIs JY TL, 
UOTJE[fIISUOD SIy) IPtsino 121 


{yAxis ayr Jo ¢ “YAY 941 JO J “YIanoy 

94] JO Z| ‘apnyuseu pry) sy) Jo g ‘sr¥Is gz ‘1913e, GYI SuTQUNOD 10Ny} 
[6 A ‘sx00g jo] yyers ay; yo dn 

34} UO 2UO ay} SB suTeS ay) SI 33] IYSI JYI JO pus dy] UO IBIS JY T, 

S33] JOMOT IYSIA IY) Ut Aes BY], 

Woy} JO JsOWUIIYyJOU ay 

39Uy 14311 ay} JapUN sie]s Z IYI JO JSOUIUIIYINOS Jy], 

aouy IY4St sy) UO 4seIs BY T, 

Ysty) UIs JY} UL IT JO YOU ARs ay, 

[young ayj] surof ysiy) WYyZII oy) auayM goed ay) UO seIs ay TL, 

Ul9Y} JO JsOULIeIT SUT 

23914} IY) JO 3UO a[ppru sy, 

OO} Ja] ay) UT sues ¢ BY JO paduvApE jsoUr oy TF 

UIYS 12] IYI UO IeIs SY] 

39U¥ I] 2y) UO IIs DY] 

sty) JO 1BaI ay) 0} JOYyIINY 394 QUO oY], 

sty} JO 1891 94} 0} 9UO ayy, 


uondiiosoq 


66 


86 
LE 
96 
GS 
1z6 
€ 
66 
1g 
02 
61 
8I 
LI 
91 


[uone]aisuos 
ul Jaquinyy] 


oo 


Cygnus 


. 
. 


VII 5. Constellation LX. 


350 


‘QT ‘Ou Jo ATUO Yj.20U si _4eIs OY) doUTS ‘AreSsoD0U St asueYyo sY JT OTR} 1% (,289y1 JO,) A@2Q0 Joy (sy Yam) Q0200 BuIpery .., 
“E-GbES 
STL AU SouyAy, qe Yapunsy aas uems, uonetadde ay) jo ur8i10 94) 10,4 “ueMs B quiasai Ajsow (pT -d GE “BLY apory ‘3'2) suornequasasdag petsojord 
quRyxXe oy) Ing ‘(g/Z smety “8’a) uoTpe.y YD Ao] oy) Ul parq avpNonaed Aue 10 (snusAr)) ueMs B YIM paryUapt JOU st YW Parq, Aqpesaiy ‘S1adg,., 
‘({Z) DX savy “ssur yaou5 TOMI [TB ING “ny Jo Surpeaa oy) st yorym ‘(pz) Qe SBY S49qiapy “¢6GH 1e (q yum) 5 QX BUIPRIY o¢, 
‘aa4] 9) JO Jeq-sso19, ay) ‘onmg) 
PIT d ge B1q aporyE pure ‘496 "oo PPUNH-10g Ut pronpordar ‘7gQp aN “eA ul UoNoIdap 24) JQ “($8 stsho1g “pa ‘snorueuas uo uolfoyas) 
a4] oy2 Jo yaed siya oyeur 0} opody wo. 301s ey ap wo oy) Jo SUIOY 9Y) posn SOUOFY YOTYM UT YAU 3Y) JO UOTSIIA 94) 01 aouatajad & A[GeAIZUOT |, 


= 
_ 


SUIM ules 941 Jo 3[pprua ayy ul ay ee JO YOU Je4s IU L 


# 


20) 3UIM 2] ay) JO puaq ay) uO 4eys ay], Ol 
£91 4 siayegy-3urm ay} jo dr ay) uo ‘way} Jo sOUIUIIYIIOU ay fF 6 
716 A 214i 241 JO au0 appruz ay 7, g 
£66 sioyyeaj-3uim yyst1 ayi ur ¢ ay) Jo SOUUIJIYINOS ay i 
FOL Ox SuIM 14811 9y) Jo puaq ay) ut se1s ay] 9 
16 = Tei 94) UF aes 7YBtIq ayy 4 
§86 IsBaIq 2Y} Ul IeIS JY TZ, ¢ 
f91 A 4P2U 9Y} JO a[pprur ay? ur reqs ay, § 
6a Pesy 242 UO ‘sTY} JO 1eaz Jy? 07 aUO aOL vA 
ip a yeaq ay} uO 4e}s ay], I 
yeSNUBAT) Jo UOHETTaAISUO_D [xq] 
{yrznoy ay jo 7 ‘paryi aya jo Z ‘apnyuseur yssry yi Jo | ‘sxeys QT} 
W941 JO JsoUUIIYINOS ay]. 


aSpliq ay) ur sueys Jea1 OM} aU] JO JsouIUIayII0U ay J, 
W394} JO JsoWUIaYyINOs ay J, 
z¢123PHq 2Y) UI sueIs JoURApE OM) ay Jo sowUIIyIA0U Jy], 
WIsY} JO IsoULUIaYyINOS ay 7, 
Meus Su3 
JO 1s¥9 941 0} UOISal ay) Ul 1941980} asopo sueIs Z 94} JO ISOWIUIZYIAOU Jy], 
payorne are |.fasAy aya 
Jo] suzoy 243 a194m syurod ayy Yaamjaq UI ‘asay} JO 1e91 9Y) 0} aUO ay], 
W941 JO IsoWUIaYINOs ay], 


[uoneusisap 
wiapoyy] 


apnyuseyy Saaidap ul 


apniney 


saaisap ut 
apnisu0e7 


uondrosaq 


= 


UOT}L]TI}IsSuUOD 


ur Jaquinyy] 


8SH 


351 


1opeia 


Cassi 


. 
. 


VII 5. Constellation X. 


[uoneustssp 
ulapoypy] 


apnyuseyy 


sa0is3ap ul 
apniney 


‘(L] § 228) SUOIIPRN WqQerY Jaxe] By) PUR (CJ) 422 YIOG UT SIND00 §¢] JULIA IYY ;¢, 
‘wiayscs se}s afdnjnu ev Inq ‘e[nqau ze jou st BAD M,,, 


{yaxIs 
yrjOo Z “YY By JO | “Yrmoy ay Jo g ‘aprgytudeur paryy ay) jo F ‘s¥Is ET} 
yorq-suoiy3 ay} jo do} ay uo 1e}s sy], 
QUOIY) IY} JO YO"q 21 JO I[pprui ay) uO 13s JY], 
JUOIYI BY} JO JO0J JY} 2AOQe Ie3s 3Y 
ULIE-I10J 1YSlI IYI UO 1eIS BUT, 
MOQ]? Ye] 2) Moyaq 1eIs BY, 
ue 1addn ya] ay) uO 1B} 2Y ], 
82] 94) JO pus oy} UO 1B)}s JY J, 
S23] JaMoy y} UO Ie}S BY L, 
SQIUY IY} UT IBIS BY J, 
syStyy ay} JaA0 ysnf ‘auOIYI ay} JOAO TEIS BY T, 
3]2q 2y) UO *3eUY} JO YOU JUO ay, 
yS¥IIq IYI Ul IVS OY] 
peay oy) uo se4s YT, 
vradotssey Jo uonejaisuoZD [x] 


fepniruseu yrInoj ay) Jo sivys Z} 

UIsy) JO JsoUTUTIYII0U 3y J, 

SUIM Je] 243 JapuN sie1s Z 9y} JO IsSOUIUIIYINOS 3y J, 
uOoe][2Isuod ayi aptsyno [snusAy]} punose svi 


{yyy oy) 
JO Z ‘Ylanoy ay Jo G ‘paryy ay) Jo G ‘opnauseUI puodas oy] Jo | ‘sieIs /T} 
daUy 74911 9YI UO ,,,1BIS sNO[NGoU 9Y,], 
J¥3I 31 07 2UO 3Y J, 
S23] WSs sy) ut sreys Z OY] Jo poourApe ai0ul 3y 7, 
JOUY Ya] 9YI UO IeIs BY], 
32] Yay Ay) wo IeIs BY T, 
SUIM Yay ay1 Jo ssayeay ay Jo dn ayy ur sys ayy, 


saais3ap Ul uondtosaq 
apnisuo0'y 


aN OPO OMm™ ON 


[uoneaisuoa 
ur saquiny] 


69H 


09H 


Perseus 


ie 


VII 5. Constellation X. 


go2 


‘sI-d Aq paidope ‘(q‘q°7) ‘ssi o1qery autos jo 1eY) $Qg “‘SsU YooI4) [Te Jo SUIPead 34) ST QZ 15, 
‘(B16 [09 Japunsy-[jog ul uonotdap 9y1 99s) puevy yay snasiag UI palsies ‘esnpayy JO peay IT o,, 
“QIQISIA St YOR STY JO IWIOS Jey) Os ‘apts oy OF pouIN) Apjted se pouOlsiAUa aq dow sNasiog WOH GG['U 9G¢g ‘d 9ag ‘aoA3dop13N ,., 


‘(8EhI II] weyuing vas) 24a payeu 


ay} 0} yored Azey ajsurs e se readde yoiym ‘49g pue 698 SAoIsNyTD SNOKTeH au) ‘ApoAnvadsai ‘ore assay], ag Xse y—_ ‘19g Y SB SIy) saHUap! snuiuUeY o,, 


Jag oO 
dod 2 
dod a8 
dod A 
Jad (2)8¢ 
Jad (P)ES 
Jag 
12g 8b 
Jog xX 
Jag (Q)3L 
1d u 
1 @ 
Jad @ 
Jad g 


Jag » 
H2db9 
Jaq nh 
Jog oO 
sy 78 
Jaq t 
dog 2 
aoa) 
Jag A 
Jag u 

361698 + $88 [2EDD 


[uoneusisap 


wsopoy\] 


S) 
¢ 
F 
F 
b 
4 
y 
v 
t 
é 


ee 


apnituseyy 


$90189p Ul 
apnqney 


DBDDODDODUDODDNODH 


a 
& 


Cle) ho Malena, 


QOaonm 
NAN 


ErmrnmEmnnDDDD FEE 


Oa NR Oe TONY © 


N 


N 


MED SND OIE EN Ole SIN NS te 


$9918 9p Ul 
apniisu0'T 


[294 aT 941 UO IBIS 
Ba] JaMOy Yay 241 UO 3e1s 
39U¥ 12] 24} UO 43s 
ystyy yoy aya ur ses 
ajyue 1YsI1 yi UO Ie}s 
Jye2 ys ay1 uo 124s 
daUy 9Y1 Ul puaq 941 419A0 Isnf ‘uLaYy] JO ysOUIeOI 
29U¥ 3) Ul puag IY) DAOQe sueIs Z IY) JO paoueApe I10UL 
39UY IYI 19A0 ‘sty} JO JOUBAPE UT 3UO0 
29Uy IYSlI IY) UE 1e)S 
sIy) JO soURApE Ul UTese 194 ‘QUO SUTUTeUIaI 9Y} 
JS YS1IqQ Jy) JO aoueApe ut JUO ay) 
sty} JO 1831 94} 0} JUO ay) 
duo 1y81Iq 23 
:peay-uo0s104) ay) Ut s1eISg 
MOQ[9 Ya] IYI UO IeIS BY], 
WIdY1 JO ISOWIeII JY T, 
9914) Y} JO 2U0 JIPprw 9y 7, 
apts 9Y) Ul 9UO ay 0} }XdU sIeIs ¢ 3U) JO paouUeApE JsOU! JY] 
SpIs IYSII OY) UE IBIS IYSIIQ sy], 
SJapfnoys sy} usamjaq so";d ay) uo 11s ay, 
peoy ay} uo se3s oy], 
Jappnoys yay 9yi uo 1e3s oY], 
Jap[noys 1431 ayi uo 3e\s ay], 
MO]9 JYSII Vy UO IBIS BY], 
puvy 14841 ay) UO sseW snojnqoauU ay T, 
snasiag Jo uonejaisuor [Tx] 


WwW 
( 


OL 


6£ 


ANNO FIN OM OD 


uondiosaq [uoneyaysuo. 
ur Joquinyy] 


+¥9H 


393 


1ga 


: Aur 


VII 5. Constellation XII. 


(68d g11 St ‘up yearn fo yoogpunpy “rayory 


‘8-2 99s) sga101reyp o1yd]aqq Zuo UMOUY-[]9M aU} ayT] I99q 9YI 07 Suryowas stun} Buoy ve SuluvaM se payordap st ( 199}017eYO ay},) BsLINY “AOIQOUIG3L , 
‘snane [, UOTeTJIISUOD ay} UT papnyoUT st Aepo} nq ‘aestuny A se UMOUY Ose SI IeIS BY], “¢ SB UDATH SI D194] 9pnUBeU VU “TZ TITXX 29S ss 


*6[ S 0} Sutpsoooe uoTIpesy sIQeIY 197¥] 94} Ul PUNO} st QT WRIA sy ,,, 
‘61'POH We (.ur asoyy,) Az AM2 4Oy (19N{ LA‘ WM) AZ Qo2 Bulpery 24, 


iny 
iny X 


ney g 
Iny 1 
iny } 
any U 
iny 3 
iny § 
iny A 
ny g 
iny 0 
iny 3 
iny Q 


19g OI 
bIEl OSA 
Jad (J)ZS 


Jag 9 


[uoneusisap 
ulapoypy] 


SSN tt 


Ls 19 


&< 
apniuseyyy 


I+ 
ist 


c+ 
et 701+ 
git 
git 
fo3+ 
feq+ 
rG{t 
03+ 
tBat 
2T¢+ 
ogt 


502+ 
Itene 
81+ 


Ut 


saaidap Ul 
apniey 


ler) 


Oo oO 
OIN 


ja) alesilal lala) Sieyseeeyee Seco) 


WhO MIEN 


NANOINANNNN DO 


WIN HO MNO No 
AIAN MN ms A 


N 


IN Ie, 


9 8 


saa139p Ul 
opnitsu0'T 


y901)Nq sy} UO ‘sTy3 JO UIeSe YOU 3U0 24], EI 
gp LUSWAIES 94) Jo} WI9Y JOMO] BUI UT “1971¥] 9Y) JO YOU DYyI 0} DUO JY J, ZI 
pp1LSmune fy, jo] 
usoY 94} 0} uOWUOD [UT parfdde] st yorym ‘opyUR 1YSTI ay UO IBIS FY T, I 
J]YUL Ya] BYI UO IeIs BY, ol 
asay} JO paoueApe d10UI 3y 
Ipaeyp, Payyeo ose yYoryM “stim Ya] IYI UO s1e1s OM} JY) JO sOWIeII 9] 
MO]2 Ya] 94) UO IBIS 9UT, 
4SIIM JUS VY] UO IRIS JY, 
MOQ]? 14811 Jy) UO IBIS BYU, 
Japjnoys YSU syi uo 1eys BY], 
eyjoden pores ‘sappnoys ya] 9y) UO IeYs SY], 
peay ay} J9A0 ‘[asay) Jo] jsowlULaY)IZ0U 9y T, 
peay ay) UO Om) ay} Jo JsoUTUIIYINOS ay J, 
eSuny jo uoneraisuoZ [TTX] 


HSH NOHO OMmMON 


furey | ‘opnyruseur yyy ay Jo Z ‘sues ¢} 
[G{-z| ‘sou] pesy-uo8105 ay) ut asoy) Jo JURAPE UI 1eIS 94], 62 99H 
[9g] ou] souy 34811 9y) UT ,, aU JY} JO YOU ay) 0} IeIs BY, 82 
[¢z ‘ou] 2auy yay ay) UO dUO ay) Jo Is¥a 9Y2 OF IBIS BY T, LZ 
{UOT}R]JIISUOD JY} IPIsINO snasiog PUNOAY SIeIg 


{snognqou [1] ‘yyy aus 
Jog ‘YN; ay Jo OT ‘paryi au Jo G ‘apnqtuseur puodas ay) jo Z ‘s1e1s gz} 
JOO} Yo] 2YI UO ‘sIy) JO 1e91 24} 0} BUO JY J, 02 


uondtiosaq [uony]aisuos 


ul gaquinyy] 


Ophiuchus 


. 
. 


VII 5. Constellation XII. 


pot 


‘(66 ‘d uo ‘u ‘y—g ang) ureyiz0un are suoneolytuaprt ayy ATUanbasuoD 
(0G-L5z ‘sou gg] “d yy-q 2as suoNeteA ay) Jo spreIap 40}) YIAOU 10 YINOS daw soPNANK] ay 9YyIIYM st Z| 01 PY “SOU YIM payoauUOD AyUTeIIZOUN IY]. ;¢, 
“Mrd pur snirueyy Aq spew sem uonoasi09 awies ayy, “¢[‘69H 1% (£9Z) ©} 54 JOy (AYVG,V YUM) of AM SuIpeIY gc, 
: ‘(1 Jo yey) aq 0} suvadde 31) ‘sur 
DIGes1Y UO PUR YI915) DUIOS JO SuIpesa ay) Sty WeYY Surwteyo ‘rez dope y-¢q "2EE 9ARY “SSI YIIID SOY “Braqiay Aq paidope ‘Tq Jo Surpeas aut st 7HZ 6, 
‘any Zz ‘uoneoynuopr snniuepy sapnpoxe ATTenqt1a 
sty) Z0F ‘d ZILLA U peqiuosap “MEM AXA oy) 0) Wadsau YUM UN RIOT 9) Aq payioddns Story “ny $] Y—-d Joveyl ureiory] ‘g[ + ‘£0%Z Q saveurps009 
ayi Bundope ‘ny G sisa88ns (p-u gg qeies-se uq!) yoszuUNy ‘poidope sajyeurpso09 ayi uo spuadap pue urezs99un ArQA st uoneoyiuapt SHOT can 
“for Wdope y-d ‘(piq!) uonipen oiqeiy 
Jaye] aya puke Cj ul ‘punoy ose st (¢]) AvjuRIIeA parejas ay], “61'Z9H 1® (G1) 51 40] (9% S 298 ‘uOIIpen oIqeay oy) jo wed pue jy YUM) 41 Burpesy ,,, 
"W Ag} AOYINE poos ou sI WIT "FEEZ Ae ‘SUI YaoIF) 31k] 94) WOY Ez Surpeas ay ydope y—q FI 


61490 (2) 1S g '0-* 2G “W } IY) JO souteas pue ise] IY, 

Udo (4)bhe 4 f0~» GG “Ww WY) JO urese 191 YI 01 U0 DY, 

Udo Os r< tI—» fp W sty} JO 1291 JY} 0} QUO DY, 

4dO (Vv)9¢« $ fo-« €Z “Ww JOO} }YStI YI UO Sivys F 9Y1 JO paoURApL jsoU! By], 

UdO Qe r< fot oct f£S “We B23] J9MOT IYSIUI ayI UO 41eIs YT, 

ydo € #Lt 213 W Q9Uyx IYSII Dy) UO 1e}s OY], 

ydo 2 14 fPI+ fe £ ; WI9y) JO IsoULIvaI JY], 

ydo a '> seit +o puey 14st ay) Ur sires Z 9y) Jo paoUBApE a10UL DY], 
ydo 1 ¥ GI+ £9z “Ww MOQ[2 1Y8I1 sy} UO IBIS BY], 6 
ydo 3 € <QI+ 9 WwW WI9Y} JO ISOULIeII IY T, 8 
ydo g € LI+ Gc Ww puey yoy au} ut sie3s Z ay) JO psoUApE I0UI ay], L 
ydo ¥ 4 ers vote fg “W MOQ]? Ie] 24} UO IeIS JY], 9 
ydo x + 21g+ ST “W wI9y] JO JsOULIeII oY T, c 
ydo 1 54 Eg+ fey Ww Jop[noys 12] 241 uO sivys J VYI JO paouKApeE a10W Jy], $ 
udo A E z9¢+ 6g ‘Ww UID) JO IsOULIVII YT, ¢ 
udo g be P1Zt 9g ‘Ww Jappnoys IYySI ay) uO sieys Z Jy) JO paouRApe JI0UI 3YT, Zz 
ydo n e< 9¢t 26g “W peay 243 uO se)s JY 7, I 

snyoniydo jo uonefaisuoD [TITx] 
{yrxis ay) JO | “YYY aya Jo Z ‘yunoy 
34) Jo / “paryy ayi Jo Z ‘puosas ay} jo | ‘apnyuseus yssy ay) jo | ‘sreis FT} 
atv Fle 9 wifOIt* | 941806 Bx JOO} Ya] IYI JOAO IIs [Tews 9y 7, 


[uoneusisap apniuseyy $20189p Ul 
ulapoyy] apniney 


saai3ap ut 
apnysu0'7] 


uondtiosaq 


[ 


uot} B{[33SU0d 
ur Jaquinyy] 


89H 


355 


Serpens 


. 
. 


VII 5. Constellation XIV. 


‘(ayBus-19]8M ay} pue ayxeUsS SIq ayi) VApAPY pur OovIG] Woy Wt YsInsuNsip oO} st sIyT ~[snyontyd_] sapyoy 


{uoneusisap 
ulapoyy] 


apnyuseyy 


$92189p Ul 
apnine'y 


‘BTTLH 3 (79%) 2 9% 40y (€% § 998 ‘UONIPEn oIquay JaIE] oy) pue Og YIM) ,5 Aw BuIpery <<, 
‘3S S$ 998 UOT Pe] BIQRYy 3Y] UI p9}se}}B-]]9M SI Ht “UaAaIMOT ‘apog Aq uoNepuauld ue se {5g paidope S1aqrayzy “£]G OJ WIOJIUN St UONTPes} Y9OIF) BUT, 5c 


ll st al 4d al 4 


Aen MRO I ies, 
Sea's 
Freer 


i 


he ho Ie 
~N— 
N= 
FEE 


s2a189p Ul 
apniiduo’'y] 


-a¥EUS 94) JO ayxeus 94 jo, Aypeaaqy .., 


‘(03 § 99S) £9 JURA dy) JO} POs st UOTNIPeA) WqQeay 499¥] IYI .., 


yoau dYI Ul puag isu 9Yy} J9I7e QUO JY], 
JO YOU dy? 0} ‘peasy ay} aIprsyno 1¥3s aU], 
y Mou ay) Ur ‘esazepupenb ay) jo 2]pprur ay) ur suo ay} 
{peay 9y3] surof yoou ay) auaym au0 ay) 
aydura} 9y) ut 9uO ay) 
S[iajsou ay} Suryono) suo ay) 
mef ay) Jo pua ay? uo 2u0 92u7 
‘spray yi ur yesaze[LUUpenb ayi uo sieis 
eo SUaduag jo uoneljaisuo_ [ATX] 


fapniruseu yiinoy ayi Jo sizes GC} 
[gz-¢z sou] 4 [asaya] jo yisou 1¥1s suOT 3y,], 
auo g]pplut ay) 19A0 Ajayeurxoidde ‘¢ asayy Jo 1e91 ay) 0} 121s JY], 
Way} JO JSOUTUIIYINOS dy J, 
2914) 2y) JO uO JIpPpriw sy 7, 
Jopynoys ws 94] JO IS¥o IY} 0} € 941 jo JSOUIUIIYFIOU OY T 
“UO e][9ISUOD 947 spts}no snyontydgo punoie SIBIS 


{HYY BHA Jo g ‘yung ay) Jo g[ ‘apniruseur paryi aya Jo g ‘sieis $7} 
OOF 12] 24} JO MOTJOY Vy) BSurYysNo} 4s sy], 
[294 Yay ayi UO sBIs IY] 
2aJY} dy) JO JSOUIMAaYINOS Jy J, 
9sayi JO 9U0 J]pprur ay], 
S32] 12MO] 
yey ey) Ul suIT wWStens we ul sIvIs ¢g JY} JO IsOUTUJZyOU dq], 
JaUy Ya] By) Ul BIS ay], 
[294 By) sa2yono} YoY ‘asay} JO 1vd1 JY] 0} 1eIs JY], 


uondiosaq 


a AO HH Ore 


wy 
| 
— 


[uonejaisuco 
ut Jaquinyy] 


0LH 


‘EI St 11s siy) Jo awWIvU UapoUl ay zT “yoRq ay) Jo asduujs e AyUO qsaq Ie aAeY 
uv su0 a10jaiay] (G] “d uononpo.snuy ‘Jo ‘episjno ayy ye Suryooy si Quo ai9yM “WONOY []] “Td Pty, ‘2qo]3 ssausey sy UO UN IIdap ayp YIM jUaUI20198 
ut) pai ay} Jo apiszapun ay 32s 01 pasoddns si suo yey ( peoy, puke IYZII, ‘ yoy,) UONRyUITIO BY) WO Aeaz) sty “Aydeadouoor ay3 Jo asnevsaq a49y a{qissodut 


. 


Sagitta 


VII 5. Constellation XV. 


356 


Apureyta9 St Yor * org ay Jo prog, s, (S77 Wey? o7V.ANSIe d10W SULVVS ST |“ AOAZdH2371 Jo UONR]SUR.y AU St ssapfNoYs ay) UIamyaq oe"Td, asesyd aUL, gc, 

(GZiS 208) Lge pu BE UIMIEq SABA VONTPRAI IIGRY OY], “ELE PABY “ssw Yoods) OUT QtOYM ‘d19qIIH Aq poidope ‘qq Jo Surpeas ay) St SIT, 9c, 
($Z G 998) UONIpesy s1Qery 1972] 9Y) UI pue C] ‘SUT YI9I4) JY} UT PUNO] sI Q] WeULA BY T, /<; 
‘001-66 ‘dd ‘yg Jo uotssnostp 9y) 29g ‘YOT oaey ‘ss TY “(€T, poanjoaluo Joey UL OYM ‘apog BUIMOT[O}) UONYPUIULS S,B1IGIIHY St LET gc, 


[by » = gs BLINbY payyeo ‘saappnoys ay) uaamjaq aoe; ay) UO seIs IYSsIIG 94], 
iby g 3 yoou oyi uo ‘sIy) Jo aoUeApe UT 9U0 347, 
Iby 2 % peay ay) Jo appr ay) ur seys Jy 7, 
enby jo uoneyarsuoD [TAX] 
{yrXIs aU Jo | “YL 24) Jo ¢ ‘apnaUseuL yrunoy aya Jo | ‘sivas G} 
aag J 5 yoou ayi JO pua ay} UO 423s BY] 
a3g 0 g 9214} 924i JO pa0uRApe jsour oy] 
ts Y g auo a[ppiu ay, 
agg 9 9 YeyYs sy} Ur sIeIs 9o1Y] JY} JO SOULIE|I JY], 
ads A ¥ peay-Mo1Ie 941 UO Ie}s BU] YT, 
enideg jo uoneyjaisuoc [A x] 
{yyy ay Jo | ‘ysnoy aya jo Z] ‘apnaruseur paryy ay jo ¢ ‘sivas g[} 
2S 6 ¥ jrea ay jo dry aya uo ses ay 7, 
Jag lu $< [7B) 9y3 UO asIMayT] ‘sIy] JO B91 BY) 0} DUO 3Y,.T, 
13S 9 $ ple7 aya ut puag ay uo ‘[snyontydg jo] puey iysi aya sje Quo aU Ty. 
tag 0 v way) JO IsoWUJIYIIOU ay] 
J3g 2 $< JIVE] VY} JO AVI BY) O1 Z IYI JO JSOUIWIIYINOS 3Y J, 
JIS A ¥ snyontydg Jo ysiyi 1YySts ay) Jo YOeq ay} JOYE QUO SY], 
yudo a G [8-2 IITX ‘sou ‘snyontydg jo] puey ay) ui asoy) Jo seas 2y) 03 Ie 4s BY], 
snyoniydg 

Jagd $ Jo puey Ya] ayi Jo aouvApe ur si YoTyM ‘puag IxoU 9Y1 Jaye ses SY] ZLH 
HS = § WIY} JO IsOUTUJIYINOS ay], 
JIS 0 € 2914) 9Yy) JO 9UO appr ay] 
2B 4 Sty] SUIMOT[OJ ¢ BY JO JsOWIUADYIIOU JY] 

[uoneusisap |} apniuuseyy saaidap ull | saaidap ut uondti9saq [uole{[a3su0o 
usapopy] apniney apnyZzu0'] é ur saquinyy] 


307 


Aquila 


VII 5. Constellation XVI 


5 » poidope S1aqiapzy “(QZ) Sx SAY “ssUt Y22IF) [TV zo 
‘Jayered sapts smog sit Jo OM) ATUO YIM *3°T 19, 
-jesausayda aq 0} INO pausNy IF {UONeIyHUapr sty) YIM Op OF SuryrAue 
pey aavy Awajorg p[nog ‘pewoysue.n sem snounuy Jo [NOs ay2 YoIyM OFUT JeIS YI Was JfasuTTY savy 0} Pauttefo ULLPeHY Wey} (BT 169) snisserD oI 
UI JUIWIIWIS IY) JO UOITULIUOD SI LWUSIIIsSeICD, SIYT “OE “AV U! TIN 9u) Ul Sutumoap Aq patp OYM ‘SILINOALJ S,ULLIPLF] JOLIGUUD IY) SEM SNOUNUY 9, 


“poulexs dary | “ssUT IQuay ][e Ul puNoy yO¥y Ur sty INQ ‘spog jo UoONepusutS Ue se (202) 


’ 


26 apts 1v391 JY] UO JUO JSOWUJIYIIOU 34} i 
{1g “ snquuoYys 34} JO apis 1e31 9Y} UO JUO JSOUUIIYINOS OY} 9 
208 Nx apis JDULAPE JY} UO 9UO JSOUIUJIYIIOU 39} c 
‘81 A apis BDURAPe 94) UO JUO JROWIUIIYINOS 24) $ 

yesayepupenb ,,,prloquioys ay) ul sizis oy], L-¥ 
£81 C4 WIdY} JO JSOULUISYINOS JY J, $ 
£g1 q Z JayIO IYI JO JsOUTLIAYWOU sy Fe 
ELI Ed [f¥2 ay) UT S1BIS ¢ JY} JO PIDUBAPE JsOUE DY] I 


snurydjag jo uoneyasuoD [TTAX] 


{yyy aya JO | ‘yIINo} ayp jo | ‘spnitUseur paryy ay) Jo F ‘sieas g} 

[[@ JO 2ouvApe UT JsOUL IBIS 34], 

191}8] 94} Jo urede YINOs 3y} 0} U0 34,F, 

sty} JO YINOS ay} 0} 3U0 JY], 

ejinby jo Japynoys 1Y4s11 ay) JO sam puke YINOS IY} O} IE}S 9Y 

WIYI JO SOULIvII JY 

eyinby Jo peay ay} Jo YINoOs si¥Is JZ 9YI JO psouRApe JOU IY J, 

oo UAALS St snouNUY, aureU ay) YoIyM 07 ‘epINby punose sieys 94]. 
ayy 

ayI Jo ¢ ‘YINOJ 9y}3 jo | ‘Pury 21 Jo F ‘gpnjytuseul puoosss ay) Jo | ‘s1¥1s 6} 

Ae ny AX au) Suryono} ‘ejinby jo [re3 gy) Japun aouR\sIp auos 123s 9Y |, 

Wa) JO ISOWIBII JY T, 

Jappnoys iYS1 9y} Ul OM) JY} JO PsNURApe BIO 9], 

WIIY} JO SOULIVIT IY] 

Jappnoys ya] 9y2 Ul Z ay) JO paouRApe J1OW 94], 

YOU JY} SP1BMO} STY} 0} ASOT 2UO 34], 


I Se ho 
* 


meOp OD = 


NNN SN 
8$S$eeee 


Nien KOS 


[uoney]aisuo3 
ul zaquinN] 


$9o189p Ul uondt49saq 


apne Ty, 


saaidap ul 
apnisuo'y 


{uoneusisap | apniruseyy 


wiapoyy] 


9LH 


vLH 


Equuleus 


nus, 


Delphi 


. 
° 


XVI. 


VII 5. Constellations XVI, 


358 


‘epowoipuy Ul Sulaq se poUljap st sautT] UJapoUr UI yNq “IseBag Q se UMOUY OS[L Si ILIS IY.T, 99, 
($S-91Z) sMIeIY se Apivo sv ope sem UONBIYTUOpI sy TL ‘snseBag se poyoidop st yt yey) aeaf9 }1 4 BW SBUIM S}I 0) S9OUaIIjo4 9YI ING * asOY 9yI, Af[BIBW'T cg, 
‘asioy & Jo yzedal0} 
oy} ATO se payuasoida. st 00] snseZog Iouls *BUISNJUOD st UONBUTISop oy], “‘UOLeT}oISUOD S14} WOUSI SONtIOYIN JUsIOUL JsOW Psapul pue ‘(8-776 [apuN+-[[Og 
998) SUONRAISN]]! JUMIUL OU BL a1oY_] “poiuess.ides Usaq savy 07 suvodde peay ay) Ajuo Joey uy * assoy & Jo, (Uo1odu) pesyounsy, 410 Asnq, AT[esIWT 5g, 


82g 0 
Seog u 
Bog a 
Sagi 


Sag 0 
Sq g 
Bag A 


go PUY D 


nby Q 
nbq A 


nby g 
nbq 0 


Pa @ 
Pa 2 
Pq lu 


[uoneusisap 


ulapoyy] 


9 
apniuseyy 


et 
cet 
cat 
#Sa+ 


61+ 
s+ 
iSI+ 


9¢t 


cat 
tG+ 
Sot 
406+ 


fst 
<ISt 
€91 fOE+« 
$29183p Ul 
apniney 


ar.) 
AKER 


= ON 
KR KKB 


ho she Nim 


NN 


one 
~ 
— 


S9a189p Ul 
apnisu0'T] 


Way] JO JsOUIUIIYINOS IY TL, 
JaUy IYSII IY) Ul svIs OM} JY) JO IsOUTUJOYIIOU IY 7 
Ways JO jsOUIUZYINOS IY], 
8UIM 9y] Japun Apog ay) UT siev3s OM] JY} JO IsOUTUIIYIIOU Jy [, 
BUIM 3] 
Jo qaed-sapnoys ay} pue siapynoys sy) usemj2q 20e7d ay? UO JeIS JY T, 
[11] surof Say] oy) asaym aoeyd ayi pue sapynoys iysIs ayy uO 1235 BY], 
dy-3uim ay) pue duns ay} uo 121s yf 
epauloipuy 
JO peay ayi 0) uoWWOD [ul parfdce] st yorym ‘Jaaeu ay) UO 4e)s BY] 
go SNsesaq Jo uONeT]a3suO_ [KTxK] 


furey [1]e] ‘savas p} 
: W194} JO JsOUIv]I JY 
qinouw 9y) ur SIBIS OM] ou} jo posurApe Ji0Oul FHL 
UWI3Y] JO JSOULIBS1 JSUT 
peoey oy) Ul siejs Z 94} JO paouvApE JI0UI sy], 

yo SMajanby Jo uoneyyaisuoc [TTA Xx] 


(yPAS ay Jo ¢ “YrNoy ay) Jo Z ‘apnaruseur parys ay) jo ¢ ‘s1eIs QT} 
auo ysouleas “SuUIUTeUIoI SY T, 

You ay) 0} Z 19410 9y} JO psouRApe J10U JY 

SNquUIOYs 94} PUL [Ie) JY) UIAMJ9q SIB)S F BY) JO JSOUTUIIYINOS ay] 


uondiuosaq 


(QZ § 998) suoNIpesy oIQuiy puL (CJ UI .[¢, {O) Yae7H VY? UT suNd90 FE JURTILA BY. ¢o, 


Wm Om eo 


me ON OO tH 


[uonejaisuos 


ut Jaquinny] 


81H 


509 


Pegasus 


VIT 5. Constellation XIX. 


"Tq jo Surpeai ay) sidope B1aqiazy “26 Savy Ss] PUL (Dg, V) SSUI Y2QID) SOW] jo, 


puy A 
puy 1 
puy g 
puy U 
puy 2 
puy ¥ 
puy & 
puy 1 
puy d 
puy 6 
puy o 
puy 3 
puy u 
PMA 


sog ™ 
sag 1 
Bag u 
Bog 3 
BIg A 
82d 9 
Bog o 
Bag d 
82g 
Seq 2 
Sag ul 
Bog Y 


{ uoneusisap 


usapoyy] 


Orr tr Hen ds tte Hdd 


apnyuseyy 


ier f db 
ogt tT db 
$93+ 26 db 
aGI+ $c3 
tLI+ °rS 
PEt 203 
3bt £03 * 
4g 
to&* 
eget £53 
ogt 166 3 
Got tbo 
es 193 
ebot 6% 
29¢+ Ell a 
rbEg* fl = 
21b+ fio = 
f6o* iS = 
git 8 = 
aOR wtf6 ax 
gI+ NYA aes 
SI+ HIG 2 
61+ COG 
8I+ 2g1 ae 
16+ gree 
63+ 196 = 


saai1sap Ul $99.189p Ul 
apniney opniusu0'7 


j a9IY} ay] JO IsOUUIIYII0U 


asay} JO 9u0 a]ppru 

J]PsIs ay1 19AO sIeIS E JYI JO JsOUIUIIyINOS 

MOQ]? Ye] 3Y] UO 1eys 

uue 1addn ya] ay) uo 183s 

29141 IY Jo JsouUIUIZy WOU 

asay) Jo suo aypprui 

puel 1ysi1 ay) uo sivis ¢ ay} JO JsOWUUIAYINOS 

9914) yi JO suo s]ppru 

Way) JO JsoWUAdYy OU 

wue Joddn 34811 ay) uo sie1s ¢ ay) JO IsoUTUI ZY INOS 

Jap[Noys Ia] IY} ut 1eIs 

JIP[NOYsS WYSLI 9y} Ul 1eys 

SJappNoys sy} UIdMJaq Vo";d Jy) Ul IIS 
epswoipuy jo uoneyaisuoy [xx] 


tay 


auL 
ou 
UL, 
UL. 
au 
au 
aul 
UL 
au 
au 
aul 
au 
a4 
oul 


243 JO ¢ *YNOJ ay) jo G ‘party? ay) Jo F ‘apnyruseul puosas yj Jo F ‘sires QZ} 


yoy Yay 2y) ut seys 

39UY 19] 24) UO ses 

yooy 7Y8tu ayi ut sys 

9[ZZNUI ay) UT Ae}s 

UI9Y) JO JSOUIUIZYINOS 

Peay 2Yi UO s9YI980} asojd sueIs OM} JY) JO yoWUIaYyIIOU 
WIsy} JO IsoWTULaYIIOU 

JUEUI 3Y} UO SIe}s OM} ay JO JsOMTUZAYINOS 

way JO owes 

y2aU IY} Ut 19419801 asoD sueIs Z ay) JO psouRape asour 
uwIay} JO IsOULIBI 

ISIYD BY} Ul 194}980) aso[d s1vIs OMI BY] JO p2oURAPE au0Ur 


uondiosoq 


ay 
au 
aul 
UL 
ay 
UL 
UL 
au 
UL 
OUL 
"ul 
ou 


FI 
oh | 
él 
Il 
01 


AN HN Om OD 


[uoie]jaisuco 


ul Joquinyy| 


08H 


lum 


Andromeda, Triangu 


VII 5. Constellations XX, XX1I 


360 


Bowe 
puy X, 
puy (V)6b« 
puy 
puy 2 
Bea 
ggiPUV IG 
Jaq o 
puy 4 
[uoneustsap 
wiapoyy] 


apnyuseyy 


‘SOLIEPUNOG UJIPOU 94} O} Surp.i0908 BpsWlOIPUY UOTL][[sISuUOD JY) UIIM ING ‘Tasladg Q se UMOUY OS[Y R91 


s20199p ul 
opniney 


Cras AK 
ESSE EEEEY 


ND NO 10 Ie 


sa0id9p Ul 
apnisuoy 


Wd} JO ISOUIUIIYINOS 9Y 

gjzznur ay} UO s1eis Z QY) JO JsOUIUIIYIJOU 2y ], 
Widy) JO ISOULIeII 9Y T, 

uJOY 24) UO sivIs Z DY) JO psouURApe J10W By], 


say jo uoneyaisuoZ [TTX xX] 


{fovtpoz ay) ul suonEyfaisuor)} 


{snoynqeu | “UIey G “YyIXIs 343 

J© ET “UYY 24) Jo Bg “YrNoy aya Jo 1/1] “pays au Jo [g ‘puosas ay) 
JO g] ‘apniruseu ys.sry ay) Jo ¢ ‘s1eIs QQE :JUIUIZas UAaYyIIOU IYI 10] [210 T} 
{y1unoy ay3 Jo [ ‘apniruseu pry) ay) Jo ¢ ‘sues 4} 
2214) 94) JO IsSOULIeII JY], 
asayi JO UO a[ppIul 3Y], 
aseq 3} UO ¢ JY) JO padURApE jsOU JY], 
9}3ueL} ayi jo xode ay) ul se}s ayy, 

uinjnsuei y jo uonryosuoy [tx x] 


{yyy au Jo  “yrsnoy ayy jo G[ ‘apnaruseur paryy ays jo F ‘sxeas ¢Z} 
[31 jo] aptsino ‘puey jyt4 ay) ur Ja1y) 9Y2 JO 2oUeApe UT 1e)S JY F, 
Way) Jo IsouIUZIYINOS YT 

[jusuIe3 9y} Jo] WaY 1IMOT ay) UI sIvys OM} JY} JO ISOUNUIIYIIOU JY], 
Jouy IY4st ay} UO 14}s BY, 

WIdYy)] JO JOULUIIYINOS JY fT, 

pusq-29Uy Ya] 2y3 UO sIeys Z ay) JO IsOUIUIIYIIOU Jy |, 

J91}2] By} JO yINos duo ay TF 

JOO} YS ay) Ur VIS BY T, 

JOO} Y2] 9Y} 19A0 ERS BUT, 


uondii2saq 


{uonefaisuoa 


ul Jaquinyy] 


’8H 


68H 


361 


rtes 


A 


‘(BE TX) O8s1y Joy aseayd sepruns ay) aueduioo pue ‘AI ‘Id P1241 “89 29g ‘payuasaidar st [[ng ay jo Jey iuo0sy ay) APUG ‘uroioxn, 


‘BI°S8H ¥ (701) .7 1495 (Y-a Aq paidope Sy‘q yum) 1 Burpesy ,_, 


(€-28'8S sMINURW “pe) 6'9°T “MAY we uauory ‘snyoseddipy pur “(,a]zznux ayn (Ag) UT, “2AaMoY “sey Yory) ze “d | ITA zat 


“M-d 4q paidope si pue “y‘q ur punoy st Pp] eA BY 1), 


‘(49g ‘d 19% ‘ou jsadDuyp sag ‘YoszyTUNy 298) B19qIaFy 


Aq paidope Sutpeau ay) ‘adurtogoixg uo paseq ase suonesuen JIQRIY BYR ‘JaAIMOY “2]/qQIssod osye st yoryM “( .YysryI pury ayi,) dur Migoiuo sey Cline 


“AWOYING “sw jnoy UM 29 0} saduvyp ([ Op ‘d a20u sty aes) sntURYy ,., 


sty Aq asoja auo ayy, 
pi WFO-IND 9YI UT SAYS F BY) Jo IsoWULUIDYIIOU sy Ty 
sninv [Jo uoneyaysuo= []]TX Xx] 


VII 5. Constellation XXII 


{UYY a4) Jo g ‘yPANoy ay Jo | ‘opnaueur par ayp Jo | ‘siers g} 
Way) JO JsoOWUTUIIYINOS Jy) 
2214] Isay JO QUO JTpprut ayI 

SIeIs Ja}UIeY “¢ 19410 JY} JO JsoUTUIAYIIOU Jy) 98H 

[ssay10 ay) ueYya] 4saiyStaq st yoryM SsouLreal ay) 

‘duins 94} J9A0 sues F BY, 
2101220 

94) UO suo ayn, [s[feo] snyoueddify yorym ‘peay ay) 41900 187s au 

‘UONE][IISUOD IYI Ipisyno sary punose s1ejCg 


Wy ¢¢ 
UV C¢ 
WY 6§ 
uy (2) [F 


len len Shen NO 
=a OD 


OLN a 
SEES 


inal 
= 
Se 


uy 0 


{yaxts 
FYI JO | “YYY 243 Jo g “YIsNoy ayp Jo p ‘apnyuseUL parya ay) Jo Z ‘sues ¢| 
jooy pury ay) uo sys ayy 
puaq-22uy ay) Japun 413s ay] 
on 4SIYD BU Jo YoeQ ay) ur seIs ay TL 
Way) Jo jsOULIBaI YT, 
2214) 34) JO au0 ajpprut ay], 
[!2) ay} Ur suvis ¢ ay) JO paouRApeE jsoUl ay] 
[Apoq aya] surof rey ayy azaym aoxjd ay uo seis ayy, 
duns ay) uo 123s ayy, 
yoou ay} UO Je)s ay], 


/\ 


ates 


Moot Ht inig + 

IAN Cle 1 UD Ie 
~=MNORDONW 
=ANNN SSO 
SSSSSEEES 


io} 
= 


a 
fre) 


[uoneusisap apnyusey savudap ut | saai8ap ul uondiosaq [uonepjaysuoa 
usapopy] apniney apnisuo7 ul Joquinn] 


Taurus 


XII. 


VII 5. Constellation X. 


362 


apni syi jnq 


[uoneusisap 
usapoyy] 


‘ 


‘€ < SB UDATS SI apnyUSeU oy) ([ [‘TTX) esluny UT ,,, 


‘(Z-10p ‘dd snniueyy ‘[o] ‘d 66¢ ‘ou UO y—g 2as) YINOS Jo peaysUT YOU aq IYsIUT 


1991409 A]paiqnopun st #9 “ZE S 01 BuIPsodov LON IPe.I gery IYI JO 2JoYM ay) UT puk (rFyg) “ssU y9aI15) DWUOS UI PUNO] st F JUBA IY, 9, 
'b'68H W (721) ,7 2405 (Md Aq pardope ‘ay‘q ym) |5 fr BurIpesy og, 

‘O€ § 01 Surpsodo¥ uONIpes sIqeay Ja11e9 dy) UT puNoy st FT JUEIEA IY] «,, 
(6 § 998) UONTpEAy dIqerY JoIE] BYI UT S1ND90 FQ] JUBIILA aYT »/, 

‘Aoy NG ‘sur ou yytM ‘(A1 Joy _ A 1) £Q] 01 sadueyo (10h ‘d) snnmuey ,, 

"BZ § 0) Burpsosz¥ UOKNped 2IqQeay ay) Jo Led UF puNoy st £Q URIIEA YT 4, 
‘d ul t[Z uondnssos ay) Jo urstso ay) yqnop ou st _yoryM “ay Jo Burpeas ay) ‘$2 idope Y-dc,, 


apniuseyy 


i 


s2a139p Ul 
opniney 


8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 


saa1d9p Ut 
apnyisuo'y 


(11 04 TX] eBiuny jo 100 1YyBIA ay) 
UO UO ay] SB SUIS 9} SI YOTYM ‘UIOY U1oYyIIOU Jy} Jo dy ay} UO 183s JY], 
[peey sui] surof uszoy usay310U ay} a1oyM aoejd ayi uO IRIs ayy, 
usoy usayINOs ay) Jo dy ay} uO ses DUT, 
3say} JO JSOWULIYIIOU UT 
ULOY UsIYINOS JY} UO SIKIS Z IY] JO ISOWIUIIYINOS 3Y J, 
[peay 
aut] urof 1ea ay) pue us0Y UJaYINOS ay) a1ayM Jo"Td ay) UO IEIS BY TL 
a42 Us12yI10U 3Yy1 UO ‘QUO SuTUTeWay 3y) 
942 UIYINOS ay) UO 3UO YsIppar ay) ‘sapeAPy ay) Jo res IYSIUg oy) 
249 ULayINOS 3y) pue []]{ ‘ou] I UIaMI9q JUO ay) 
243 UJIYIIOU 9) PUL SIY} UZIMIJaq QUO 24) 
s[ajsou 94} UO 90 ay) 
: sapeAPy ay2, payyeo ‘aouy ayi ur sues 
B23] I9MOT Ya] IYI UO 1eIs 
2aUy Ia] 2y3 UO 1eIs 
yooy 14s ay1 uO 13s 
a0uUy YS aYyI UO 13s 
yS9YD JY} UI 1e}s 
ape[q-sap[noys yYystu Iy1 UO ‘asay) JO 1e91 ay) 0} JUO 
} IY} JO JsouIUJaYINOS 
49132] 9Y} 0} UTede asojd 3u0 


uondrsosaq 


[uone]joisuoo 
ur saquinyy] 


88H 


363 


Taurus 


VII 5. Constellation XXIII 


‘ 


‘eSuny jo qed se papsooar us0q Apeosye Suravy ‘payunod jou st [Z ‘OU JDUIS “1991109 SI (OE, 26; 
‘6ZU gbE ‘d JO ‘juatoue st Zurpeas ayt yey) ATUO saaosd 71 UONe[odsayut 
ue Ajqeqoud st rey} outs ing ‘snune_T 10J [eIO1-qns ayy Aq pouLyUOD st Z Surpeas ay. -AeIs [JUS k SI siy? IVY? sasiseydura AuLIjO1g 99UIS Ayaepnonaed * 4, 
Surpeas ay1 uo IGNop siseo YOIYM ‘“gErG SI EIS SIyI JO apNyTUseUT ay) V99II09 st (OLT [I] (228g “Md JO dey st yoy) asay paidope uoneoyuapt IYI JT 16, 
‘snmmueyy Aq paiaass07) °G‘Q6H 2 (41s [TeUS YIXts y1,) 902Hg 404 (QZ “d EGZ “OU MadDUDY 4agZ ‘YoszMUNY JO ‘IY YUM) 59103 SUTPP2Y v6, 
‘syuiod g0uasaJa1 se aadas 07 paced Apuaruaauoo aie pawueuSIe}s ay? ‘ssajayarany ‘dnoss ay Jo aurjino [essuss 
343 uo syutod 03 sayyes ing ‘sueys oItOads 07 Burajas sem AvII]|OIg JY) Aatjaq JOU OP J “BAIMOP] “S{-_ JO ASOY) We Z-)E “SOU JO SUONBYNUSP! P4T. 66, 
‘Aouedaiosip 
ay) Jo uoneurydxa ayi soy azayi [Zu 999 “ogg “d ¢ ITA 18 o£E+ apNaNey ayy aavy O} pres si sapersjg ays Jo wed souueas ay (Zp ‘d) sou snMIULYY SY ge, 
: "M-d Aq paidope ‘27 suetiea ay aavy JVC je; 
‘Way} saduvYyoIaquT OYM ‘zoOF ‘d snnURPY 22S /Z PUL QZ ‘SOU JO SO<PNUBUOT 241 UGC og; 
“CES 0} BuIpsOI0e UONIpPeA) diqery IJoOYM ay) JsoW]e UL pue C_,Y “SSW YV2I45) 9Yy) UL YOU SI IPN] 341, coy 
(BE S 998) UORNIpPe sIqery sy} UI pue (gq) Y9eI45) 3Y) UI SINDD0 F JULLIVA IY J, 9, 
"€¢ SO} Surpio0s9v UONIPes} IQRIY Jol[1eI IYI UL SINDIO g JULLILA IY co, 


{yaxis ay) Jo [ “UYY ay) 

JOE] “YraNos ay JO [| “Paryp ay Jo g “apnaruseut ysary YI JO | 26, ‘SIBIS GE} 
YNOU IY} SpALMO} ‘S9PKII[q FY} 4,,APISINO 1eys [[BWIs ay) 
Sapela[q IY] JO pus JsamodeU pUe }sOULIBII IYI 
apts JouRApeE ay) JO pus UTaYINOS dy) 
apis 20uRApe ay) Jo pua UJaYy WOU 24) 

SPIO ACT aL SMA 06H 

apis teat Jy) UO JUO JsOUIUJaYyIIOU ay} 
apts JLII IY) UO 13s JSOUTUIDYINOS 3y) 
apts URApe 241 UO Je}s JSOWUUIIYyIIOU JY) 
apis JURAPE IY) UO IBIS JSOUTUIaYINOS Jy} 

:yOouU ay) ul ;eayepUpenb ayy 

Wy} JO ISOUIVII IY], 

YooU IYI UT sueys [Tews Z IY] JO psoURApe aiou! dy], 

way} JO JSOUIUIIYINOS JY], 

J¥d UJIYWOU IYI UT 19419B0} asojo sieis Z JY] JO JsOUUaYIIOU 3y 


881T OSH« 
sat eL Low 

nel, oS» 

ney, 6l» 


ney, od 
ney Xx 
ney, thy 
ney (d)py 


* * 


ney 
ney (,W)LE 
ney 4 
hepa 


oie @ 08 01 8) OD DD DMDDD 


[uoneustsap apniuuseyy saai8ap Ul | saou3ap ul uondriosacq [ uoye}a}su0o 
wapoy] apniney | spnisuoy ur saquinyy] 


int 


> Gem 


VII 5. Constellation XXIV. 


364 


(16 u 6¢ ‘d Geres-Se uqi ‘yoszituNy 90s) 10x UO pase si UONIPRAI oIGeAy 242 JO Isat ay) INq ‘9aI709 aq Aew styy ‘fellefy-je jo uonejsuen 


"S-d pue Suoqiayy Aq paidope si pue ‘vy ur jueiea e se pue + ur suvadde (£) ,A 7g aaey ‘oiqeay pue y99I4) YI “SSU ISO 96; 

‘ureygoun Asda Si 19S SID JO UONBYNUpP! sy] “AW'C JO Suipeos ayy st 1x91 SBsaqrayy °29Z WAVY “SSUL Y9OAL) SOY ,6, 
"M-d 4q paidope “$6 uel ayr 2avY IV“C 96, 
ssnuepy Aq pri2aasor) “OT 16H 12 (1Z) D¥ 40] (BE S 22s ‘UONIPeN oIGery JaIe] 9YyI Pur C,Y YUM) QH BUIPCIY ¢¢, 
“LE S 01 Suipsoooe uoMIpen sqesy Jolpsea ay} UL PUNO] SI Q] IULIILA 3Y], 46; 


ay) Surmoyoy *(.ape]q-aappnoys ey} aytsoddo,) 020» 01 g‘Q6H 18 YON Surpuswa paysagssns (977 ‘d GEg ‘ou psedvupp sag ‘YOszUNY 39S) UDIBTEL, ¢6, 


WI) Bx 
wary (W)L¢ 
uwiss) & 


was) a 
way 1 
wey 2 
EEO) 


we9 J 
ulor) D 


neocls 
MRE TL, Seles 
NEL cola 
nel Sol« 
WAIL [Ge 


NEL 631 « 
nel Zl « 
ney (O)FTI 
ney (U)601 
nel 1 

nel Ol 


[uoneustsop 


usapoyy] 


rH 


ANT HS 


Wd uy uy 6 


xp 1 19 6 1 1H 


apntuseyy 


$22189p Ul 
opniney 


L617 £6 Us 
$12 O 
$92 O 
*2 O 
a wl 
gt O 
91 Of 
$93 O 
fez O 
Hemelal 
‘zi 
eee 
66 8 
46 8 
6 8 
62 8 
9% 8 

S616 Rx 

106 8 
GS db 


saoidap Ul 


apnusuoy 


UIM} Iai DY} JO Ipts 12] IYI UO 1eIS SY], 
UIM} JOURAPL JY] JO IPIS 1YSiI 9Yy1 UO IBIS SY, 
UIM] JEII IYI JO Jopnoys 1¥91 ay} UO IBIS DY 
uIM] 
[zouevApe ] aues ay) Jo Jappnoys 1YZI4 ay3 UO ‘sTY} JO 191 9Y) 02 JUO BY], 
sdappnoys sy} Usamjaq soed ay) 19A0 Isnf Vey) Jo 1v91 JY} 0} JUO BY] 
ue taddn [1ja]] auies oy) ul 1e)s JY], 
UIM} JOUKAPL 3Y} JO WIRIIOJ Ia] YI Ul VIS BY T 
UIM) BIL DY} JO Pedy ay) uO seIs YsIPpat BY J 
UIM] QOURAPe 2y) JO Pedy ay} UO IBIS DY] 


fuTUIa+y JO UONeT{a1sU0D [ ATX X] 


{yyy ay) Jo OT ‘opnaruseur yrinoy ays jo | ‘seis [[} 
OM} asoyi JO IsOUIUZDYINOS JY) 
Z IsouLIvas “Burureulas Jy} JO JsOUTUIAYyIIOU Jy) 
49)}2] 9y) JO urese rear ay} 0} JUO 3y) 
Sy} JO 1831 JY} 0} dUO 3y} 
paourape jsour oy3 
WJOY UJ2YIJOU 34) JO 1237 94} 0] PU JapUN sieIs G SY] 
WI9Y} JO ISOUIUIIYINOS ay], 
us0y Wiayinos ayi jo dy ay3 19pun s1eys Z 9Y} JO IsSoOWUJAYIIOU 9Y |, 
Udy} JO ISOULIeaI JU], 
aa44} JY} JO 9UO a[pprut ay T, 
UJOY ULIYINOS ay} JIAO siBIs ¢ JY] JO padUApPE IsOUr Jy], 
apefq-s29pfnoys ay} ,,,PUe IOOJ IY4BII 9Yy) J9pUN 3e}s OY T, 
{UONE][IISUOD JY} Ipts}no sniney PuNose sizIS 


uondisosaq 


[uonejaisuos 
ul Jaquinyy] 


66H 


365 


mt 


: Gem 


V: 


VII 5. Constellation XXI 


"€Q 9ABY Uaas aARY J ‘SSUT TIQUIY 24) [TV ‘(day wtOIy) £G idope y—g ‘snatueyy Aq pardope ‘¢ sey C goz 
“Md Aq pardope IWC 28 coz 
(9z‘g9z snURy] ‘p2) Zp g “4p ur ‘wwory ‘snysseddipy das ‘res Jepnoys1ed styy 10j QuIvU eB se pasn 
sem SAOUOGL “19410 AY} J10Jaq padueApe (Bay 10) 100j suo YIM payoidap si uM) ay], “UTeJUNOW ¥ Jo nds ay} se “B°d pasn Ose ‘SAOUODY : 100] PIBMIOF, ,7 
"o| se uantim Apeutiou st £ se ‘aBuess Ard st yory “(2 + 2) 5 7 savy ‘ssur yao1N) ISO! “(A ‘.G,) IV“ JO Sulpeas IY} St SIY TL coz 
‘IW Ul punoy st FZ wWeLeA IYT. zo, 
(ZL IIXX ‘soy Bo ‘saunsy yeumtuy ur se) Jay 94) ul pusq ayi OF WI JaJaI JsNUI 9M JJOJaIIY} pue 
‘Say ay) UO aq ISN IT JeYI SMOYS aINBI ay) UO IBIS BY Jo UONISOd ay) Ing ‘snHTURyy Aq pare[sue Os sI pue ‘Moa, URaUL A]TBUIIOU pjNom sIyT “WYAHXAD 92 
‘suoreyndwios juanbasqns sty 
Aq pauiitjuoo si uorisod yey) pue * rg] SB Ae IS sty] Jo apNasuo] ay) soars Auajordg (694 ‘) [ K Ul INg “(9g ITIX XX Pure 6g Pur ZT ITAX\ 2 sojdwexe sayio0 
Ajuo ay}) sapnarsuoy ay) ul pasn jou st PuONDeay ay1 Tey} spunosd ay) uO ‘(rgy] SPY UORIPe sIqeIYW IY} Jo Sad 9YI “194 JO Surpead 9y}) 28] OF PUILAI Yd oz 
‘(ebmey,) oiqery oy) puryaq Surpeas ay) sem siya pue ‘(.19A0,) d3xQ SEY C 6; 


{yyy ayp jo % ‘opnatuseur yrnoy ayp jo ¢ ‘sreIs 1} 


our) 2 sg o0zf0 Sse § pouONUsUI-dA0qe ay) JO 1e9I Jy) O} TeIS 1YSIIq SUL, 
way ()bL» G ip — 92 O ure [)yst1] sy} JO WUeII0J JY] ABaU ‘UaY) JO ISOUTUIIYINOS Jy], 
way (3) 18« ¢ t¢- fos O aasyt ay} JO 2UO a[ppru ay] 
ULM) J¥I1 ay) JO ULTe 14s 
was) C8x« G ty - £8¢ IDI 9} jo IPod 94) 01 oul] Wsre1s eB ul S1BIS 9dIYI OY} jo ISOWUIIYIIOU OY TF 
wary (p)o¢ S rZ- ect I UIM} I¥91 9Y} JO Uy Yay 9yI JO VoURAPE UT IEIS DY], 
iny » ee G+ 9 29Uy JURAPE IY} JO 2oUvAPE UT Ie}s 1Y4SIIQ OUT, 
way (H)I $ £Q~ %» O UIM] JOULAPR IY} JO JOO] PAeMAOJ JY) JO BdUNApPE UI IBIS DY], 
UONL]]IISUOD IY} IPIsINO tulWIy puNoe sIzIS 
fyyy ey) 

JO Z ‘YIANOJ ay) Jo G ‘Paryy ay jo G ‘apnirusew puodas ay) jo Z ‘sueis QT} 
$ Z01- spl O UTM} IBII IY} JO 100} 1YSts ay) UO IBIS BYT, 
€ tL- “at Jal UIM] 1291 IYI JO 100} 1J2] IY} UO IEIS YT, 
be i¢- 201 O UIM) QIURAPL IY} JO IOOF 14811 ay} UO IRIS DUT, 
ee eI - eure Cle JOO] JWILS JY} UO STY) JO J¥91 aYI 0} QUO JY 
ee zy - 99 Of UIM] JOURAPE 3} JO ,,,100} PAWMIOJ 9YI UO ILS BY J, 
6 coz9—* | zozt lS Le um) [vas] autes ay? Jo ,.,29uy 1YSt4 9y) UT Puaq dYI FAO IRIS 9YT, 
¢ i0- Gicelr UIM) III 9Y3 JO UIOIS Ya] ayI Ul IRIs JY, 
¢ - ooz?81 Le WIM) TBAT YI JO 99UY Ia] IY? ,, JapuN sys 9YT, 
¢ t+ Cini UIM} JDULAPE JY) JO 39Uy YP] 2y) UO IRIs JY TF, 

[uoneustsap apnyusey saoigap ul | saaisap ut uondtiuosaq [uoneija}suo9 
wapoy] apniney apnytsuo'y ur Jaquinyy] 


46H 


Cancer 


VII 5. Constellation XXV 


366 


<sty) soy Aysoy Ne “sul OU st B94], [JIM Apatey OU_D 9 pue a jo suontsod 
jenroe ayn iy UayA Yory™ “E] pue ZI] "sou Jo sapnainey oy pasodsuvsy Ajsnorqnp eavy J “(WuaUIUO) INOYIM 1 SeOp oym) snnturyy pur y—q BUIMOTIOY z,, 
‘Ur ,0 + ,Ose 1Bys ay) Apuapt pur (|) §¢] dope y—_ ‘(snutueyy Aq paidope) 
our) 1 SI UONRIyNUEpt sqeqo.id ysoul sy) “AaNR] 9} 1dav0¥ OM J] “S61 NqIYXS (261 Sey YIM ‘UOISTAI. sisn [-18 10y ydaoxa) ‘ssw orqesy JuRIxg “?¢T Pey 
JO UOISIAII SIqey] puv uoNEjsuen beysy stp (fp S 01 SUIPsoooy “UOUTpe.N sIGety Jetpee oy) UT pue (Fg) ‘ssut Yoorsy JUIOS UL PUNO] st 2G] WRILA YT 11z 
‘ZO ‘d LGb (OU Yd 298 apnaNey ur 10179 BIE] IYI UO o;z 
"( S988B,) 10AQ ¢oz 
“y-a Aq pardope si sane] ayy ‘punoy oie (Ay) 2} ‘91 ‘§Q pue (q) § SIURIILA DUT goz 
‘1e\s [eNprAipul ue 
01 Sutzaajaa you Apreayo st AWgpOI J INY “1oISN]O LTRS IYI JO a[PPlwU oy} Ul PoospuUT st YOTYM “JULY 3 Se SIT Aynuapt y—d pue sniiueyy -( sodueul,) UAIDO |, 


{yyy ay1 Jo Z ‘opnaruBeur yrunoy ay Jo Z ‘sivas F} 


Riotg yes G an LS [om}] say Jo souleal 9Y 7, 
DUD) Ay S apts bl & I JO.1B91 9Y) OF puk B[NGau yi J9AO suv}s OMI JY) JO paouRApe dIOU 9Y LL 
uD» '> oe 113 MEI UaYINOS ay Jo dry ay) Jo 191 ay} 0} IIS BY T, 
JUZ) Uy '> ‘o- izk61 Sox MYO UIsyINos 2y1 ut yuTOl ay) 19AO JeIS YL, 
UONe][IISUOD IY} Iptsino A20UeT) PUNOIL S1vIg 
{snoynqou | ‘Yyyty aya Jo | ‘apnrusew yrinoy ay jo / ‘sivas 6} 
oun se oat Las aL & Bay yOeq WIIYINOS JY1 UO IeIS 9Y ], 
our 1 G I+ 6G Saj yoRq WsoYyIJOU ay} UO IBIS BY], 
oud) 1 5 211+ £g Cars MPD UIIYIIOU JY} UO IZIS OY], 
our) 0 F f¢- QO] Lary MED UIYINOS JY UO 1E}S BY] 
aun Q P< 20- fll = OM] ASI} JO JSOUIUIIYINOS IY} 
soztll2SV, Paleo ae 
oun A tg ioe {01 & YOIyM ‘Je1aye[LIpenb ayy uo sieys J 1e9s ay) JO JOUULIIYIOU 3YI 
aun > cle GQ) GR JOURAPE UI Sivj}s OM) JY} JO ISOUIUIIYINOS JY) 
our lu > 1+ {L & JOUBAPE Ul SIZIS OM] IY} JO JOUTUIIYIIOU IY 
{| ou] eynqou ay) Sururequos jesaiepapenb ay 7, 
(pp saIssaq\)) 
ZE9 I2DO ‘qou goz} OTe ‘Ol pog2das2big Palyeo “sayo ay? UT sseUT snojNgau au) jo a{pprut a4], 
jaoueD jo uoneaisuon [Axx] 
[uonvusisop apnytuseyy saaisap ul } saa18ap Ul uondiiosaq {uoney]faisuol 
ulapopy] apniney apnyisu07T ut Jaquinyy] 


96H 


367 


: Leo 


VII 5. Constellation XXVI 


usapoui hq ‘sey 185 sty) ‘stuoaTT 99 se paynuep! Ay199.4109 J] 


02" @ 
az? 1 18x 
02T Q 
oa'J (4)09 
ov] (1)€¢ 
02] (4)BG 
09T (1)9F 
ox] Jd 
oa'T u 
oayT O 
oT 2 
oat ih 
cay A 
oT (W)IE 
ox] 0 
ory lL 
oay A 
8 
oy] 3 
oxy 1 
orT ¥ 
oaTy & 


[uonvusisap 
wiapoyy] 


“Aylgoy Ne OU si d19y} YTYM JOJ ‘ZZ “OU JO 


yey) URY? 1978918 aq 01 papuoULD st apNSUoT 941 J! Ajuo ayqissod st stuoaT 1g °¢-ZOl “dd ‘Zep ou UO S{—d 998 :ure}s20uN A[IUIIIIXA St UONBIYNUSP! PUY g1z 


‘Zp apnyusew “usuisinsesw puv uoTTUyep 


“¢ JO} SNOUWNIUBUN SI UOIIPRY SIQeIyy ayy ing ‘9 DALY “SSUI YIIIL) IV ‘oI (04 uo ¢{Z YU JD LIZ 


‘(Zp GF aas) UOIPesy TIQeAYy FY} UI SIND90 ET] JULIA SUL giz 
‘Apysu sdeysad ‘(arqery 241 woody) 6] 

‘ou 78 ¢ pure auay g dope Y-—g “UONET[AISUOD a4) 40} ]2IOI-qns IYI YUM jugur9918e yoras 01 G sidope B1oqiayy ‘2104 g apnaruseut oar (J 1d20xa “ss [TY ¢1z 

‘66 4 92 ‘Sty afaryy, ul se ‘payooy pue yno smeEpD YIM paruasaidos st uot ayy,“ puey Burdsess, Aypesory *9ndQ,12 

‘Lp § 01 Surpros0e uoNtpen sIqeiy Apive ay) UT SIN900 PF JULIA YT ¢7z 


WY] fo JSOUIUTZYINOGS IY T 
syOOIIN sy} Ul sIvIs Z 9Yi JO JSOWUAIYII0U JY] 
Way) JO JSOULIVAI JY, 
duini ay} UO Sreys OM] JY} jo PpsoueApe a10Ul IU 
[om3] asay} JO OUUAIYINOS JY], 
Z IsoWLIVas “19YIO JY) JO JsSOUTUSYIIOU 3yL, 
AyJaq aya Ur sieys 2asy) JyI JO paouUBApE JsOU JY, 
yduue yoy 94} UO IeIs 3U YL 
gouy [}U0Ig] Yay a4} UO Ie}s JY Y, 
YoyNjo-MeEPS woOL; WoT 243 uo IBS IY 
UoIfo-MeE]D JUOIy WS ay) UO 19S BY] 
aauy YSU ay} UO IBIS SY], 
[g ‘ou] yay ay UO ARIS BY} Jo JoURApPE UT III] & AeIS BY L, 
ysdy ayi UO Noe ‘styI JO YINOs JU0 IY], 
snjnday, payfeo away 9y} uo seIs BY, 
W9y} JO ISOUTUIIYINOS IY], 
JasY) ay} JO aUO aTpprur ay} ‘sty) 0} asOpD QUO 94] 
yoou oy) ul sieqys ¢ 9} jo JSOWUII4 OU FUL 
3say} JO JSOUIUIDYINOS 3Y J, 
pray ay} ut sseys OM} 9YI JO JsOUUAYyIWOU IY, 
smeuf Sutdes ay ul ies IT, 
sjisou ayy jo diy ay) uo seIs JY, 

oaT Jo uoneypasuoD [TAXX] 


apnyiusey\y sgoigap ul | saoisap ul uondi9s9q 
apnyneyT opnysuo'y 


sho ie he len hen 
—_ i am 


i=) 
= 


HHNUGCCGAGGHHUGGGGGGGaG 


HHAOON MAH POM HH HHO OO 
~ HEN 


NNN 


ale) NO i IN NS 


0 
€ 
6 
0 
6 


Ca) 

he RO HE IN sho he NE HN I 
Cette 

= AN SN 


a NOM HINO Mm™ OD 


[uore][a3su0o 
| UL soquun Ny] 


00TH 


86H 


: Leo 


VII 5. Constellation XXVI 


368 


‘96 ©} G (OU Jo spnirSuoO] 9Y1 194409 0) sdjo4d pInom (¢op “d) sniueyy seis om) 94) JO sapnysuoy ay) adueyoiayut y—g 2uazy 
“AsTPeuUIS UdAa sI (OG, Y) Gz ‘| ‘OU Jo 2PNisuo] oy) 40j Surpea.s ‘sus eaneuioye ATUO oy ING *Z “OU Jo FEY. URY) 4978918 oq P[noys | ‘ou jo apnisuoy ayF, 
"E01 d yy-q as ‘1 190 (aysuq,) Soduriny yum (urey,) Sodanra Ajoureu *-ssur Yous) sow ur apMytuseW sy) JO uo|eUsIsep seIPNIed aya UG ane 
‘OTT YJ Muay ‘snyoeunyyes jo wood ayi vas ‘woUor) Aq ao1Uateg JO Yoo] oy) JO anouoy ut (490],) Softaxoyu poueu sem dnous 2Uy (421s, ‘duiop 
Ayduat pynom yorym) SUl|MOseUL 94) JOU *(A0102013d Og 02) Ad]NoOU 94} Sosn AUI[OIg doy JOY “Yq pue sniuey Surmoyjoy auop aaey | se ‘seis Fenprarput 
yum Aw3]01g Aq powieu sjurod oy Ayquept P]Hoys suo Jay.24yM SNOIgnp st tng ‘aha poyeu oy) YUM soysnyo Sty} JO seis 941 Jo Auweul no aYeUl UBD JUG) €22 
(Gb § 29s) uoNIpEn JIGBIY 19}] 94} UI sind90 70 JURA OY 22, 
‘WIWOD 9q 1Y4SIUL YotYyM ‘s9}Ve] 241 Idope Mod “€ pue £9 wsamjaq sariea (pF ¢ 998) 
UONMIPR.!] NIqeay ay T “ansoperes ajoym 24] UL onbrun og pynom yon IBA LIN ay, “9S [OTH 18 (¢¢) , 3 As0j (santuepy dq poidope ‘d yum) 5 Asurpeay @ 
‘(Ep § 298) suonrtpen o1qeay Jaye] pue (q,V) 42015 2y1 ul sinz00 £}g WRURA IU] 92, 
66d 9% “Sty FAYL “S’9 pue ‘gz o7 bG SOU Jr) “layieso) sBoy pury yYoq YM paiuasoidos st UOT EU era 


WY) JO JsOUIUIIYIAIOU Jy 7, 
[NYS ay) jo doy ay) ur saeys Z ayy jo ISOWUIIYINOS ay 7 


OBA Jo uoHelasuoD [TTAXX] 
{eulory snyd ‘yay aya JO % ‘apniruseur yrinoy ay) Jo | ‘siezs CG} 
WO (4) ES J igor 78g U Jeoy Aar ve oy!, podeys ‘wary jo soured ayy, 
wor (Y)/y ‘' Gat eU PUD) JO s1QUUNAINO UsaYyINOS dy) JO pasUApE Iso ay], 
pgglSeotuasag] euI0D pare ‘[sofepy] esi pue 
WOD (2)GT Fle Ogt 243 U 09"T JO Sa8pa aya UsomIaq sseut snojnqau ayi Jo ied ysourusay}iou ayy 
02T (P)g¢ S fo- 81 U . WY] JO JsOWLUIIYINOS 3y J, 
O9T (2)6¢ G £0- 241 UY as9y} JO 2U0 a]ppriw ayy. 
oxy X t> 2+ “110 YUL 24) Jopun ¢ dy) jo sould IIOU ay 7 
O3'T $G S EGI+ 73 U wigY} JO soULIwAL ay], 
TNT I+ G Fett zo yO! PY) 19A0 Z ay) JO psoueape vow ay J, 
‘UONLTJIISUOD ay) apIsino Oa] punore suejg 


{UIXIS B42 Jo F “YYLY ay? Jo G ‘yrunoy 
24} JO 8 “Pary) ay} JO g ‘puosas ayi Jo Z ‘apnyuseu ISAT} BY) JO J ‘sues 77} 
[#21 94] Jo pua ay) uo 3eIs ayy, 


s 


G 122? —* S49 IN]JI-Me]D puly ay] UO IeISs DY]. 
$ 20- 833] J9MO| 3Y) UT INOQe ‘sIyA Jo YINOs 3UO au 
% ee spusq-83] pury ay) ur seqs ayy, 


6284314) pury ayy ur se)s ayy 


[uoneuatsap 
us32poyy] 


apnylusepy S9d139p ul 


apniney 


uondriosaq {uonejaysuoa 


ul Jaquinyy] 


epnyisuo7 


60TH 


369 


igo 


V 


VII 5. Constellation XX VII. 


‘QZ Pue G[ ‘sou Jo soeuIps009 dy) UI aSuURYoIaIUI ayqisne;du Ue ysadsns (491 ‘d G[g ‘ou) y—g sty) Apauial OF * 


‘(1G § 998) UORIper sIqery ay2 UT PUNO} St FQ JURTILA DUT g¢z 
‘(6F S 998) UONIpeN sIqery ay jo wed ul punoj st g JuRTIeA DY... 


Jesaiepiupenb, 


2 jo pury Aue Suruoj se way aas 0) paey st yt ‘(Egy ‘d) ino syurod snntueyy se inq ‘s1eys INoy osayi Jo UONNBOYNUAp! dy] UO Ja18¥ snIUIURPY PUY Yd oc; 
“QO ‘ou ut (appst3) WAM) ay1 Wo. JUDIazFP Atqeqoad ‘(sutoy JYy1 INOGe UOM BZuryI0]9) 
"JeI1I9 19yIO JO yayM Jo wa uB ‘5aXy10,,, 
‘Aysoy Ne ‘su OU UO QT Idope Y—-_ °20g 2ALY ‘ssuUL Ydar4) 19YI0 OY], “IW‘C] JO Surpwas IYI St SIU.T, ¢¢z 
* aBeIUIA jo rasuIquey ay), ‘durlAndrod1,.., 
‘(8b § 29S) suONIpe.n oiqery J91e] pue (Dg, V) Y224H 24) UT puNoy st g] RLIeA ay Tj. 

‘IW Jo Surpeas ayy st “y—q Aq pardope ‘2¢] were aU oc, 
‘Lb S 0} Surpsooow uONIper s1qeay Ajiva ay} Ul sINd90 fF] ] JRURA YL 62 
“Med Aq parsess0D “OT'EOTH 1 (83) . 7 J #08 (0%, LL Pue ¢%, ‘ql idaoxa ‘ssur ye yum) A 7 g Surpery gz 
“M-d 4q pares10-D “g*EOTH We (71) ,7 0 105 (q Idaoxa ‘ssur je ym) |S 0 Surpeoy 


‘g aARY UONIPeA) Dqery sy} JO sar ay pue Y “y—g Aq paidope st iy “(QF S 99s) UOTIIPeT) Iquiy 


pnojdsu ... 


dare] ayy pur (ET “.Zh1 J ZI POT OVOO Aq pawtayuos) Og “sur 9244) ay) Jo Surpeas ay} st 20 “Jo Surpeas oy *(£9) A 40} LEOTH 1 > Surpeoy,.. 


[uoneusisasp 
wi2popy] 


—< 


6 
I 
€ 
9 
S 
€ 
5 
S 
6 
6 
€ 
c 
S 


apnjyruseyy 


saoisap Ur 
apniney 


x 
e 


* 


NN 


ono 
Geeeeee bees = Fx 


a NO NE he IES Oh 
HOOMWOmreTWnonvowt 
pe =a NA 


she She mi 


saoigap ut 
apnysuo'y 


apts AII IY} UO IBIS JsOWUIIYINOS ay) 
apis 1891 JY? UO Sues Z IY} JO JsOWUIIYyIIOU IY) 
apts BURAPE dy? UO 1eIs UIIYINOS oy) 
apts DuUeApe dy) UO Ie}s ULaYyIOU ay) 
gz ASIA YO} IYI Ut [esd3ETLIpenb oy f 
yoonng 14st ay) 49A0 ynoge Isnf ,..‘uo1de ay JapuN 3B)Is 94], 
peg POldG, payyeo ‘puey ya} ay) uo seis ayy, 
XLRIWIPUTA, Pal[eo ‘asayl JO IsOWIUIIYIIOU ayy, 
Z 1910 dyI JO IsOWUIaYINOS ayy, 
SuIm UJay ou YS ay) Ul suBIS ¢ JY) JO P2ouURApe JsoUI dy], 
a[ pwd ayi JapuN apts WY SII Jy) Ul 1e}s DUT. 
F IY) JO JsouLIeII pue se] YT, 
sty) JO urese reas ayy 0} QUO JY], 
sIy) JO 1891 9y) 0} JUO ayy 
SUM Ya] 94) Ul SIEIS F IYI JO paoueApe IsOW 34], 
SUIM Yay ‘UayINOs ayi Jo dy ay) uo 1e)s JY], 
Ws} JO ISOWULUIIYINOS JY Ff 
208] BY} UT ‘3say) JO III JY) OF SIEIS J IYI JO JsoWUIIYyWOU JU], 


BES6 


uondtsosaq 


[woNe[aisuoa 
ul Jaquinyy] 


-FOTH 


1rgo 


Vi 


VII 5. Constellation XX VII. 


370 


‘snorqnp Ajauianxa st i] “POT ‘d uo 7Zg ‘ou y—g aas ‘(jou st yt YyoryM) EIS 3]qnop, ay) JO uoNRoyNuapt styy 104 ,,, 
(95) ‘.LaT) oqery ay) ut juetea & se punoy ‘£1 dope y-g ‘ssul yaard) ay} JO Surpwas oy st SIYT 5, 


“L°GOTH 38 (22) , 39.409 (qq idaoxa ‘ssw fe ym) | 7 9 peor | SI—g Surmoyjoy OPNINT “tg sey “ssur ¥aIIE) ISO] “NY“C] JO Burpeas ays st £g -apnn8u07] ane 


1645 g 228) AjJayi0U st apne ayi uONTpen sIqery sy jo ued uy... 


{yIxIs ay] jo Z ‘apnyusew yyy ays jo F ‘sxvis g} 

IA 68 9914} BY} JO JsouLIesI 9y 
zeettA €9 + 19» ; 4ejs a[qnop & st yoryM ‘sayy Jo aUO J[pprIuI 2u,], 
ILA €S voidg 1apun duty 1yZ1es & UO JsouNTe sxeIS ¢ JY] JO P9oUeApE IsOW ay |, 

WA 6% § 94} JO JsoWlivoi JY] 

A mh asay} JO 3u0 3]pprut ay], 

mA X § ULIZILOJ JO] 9y3 J9puN oury 1ySrens @ UI 9914] JY} JO paduBApE Jsow ay J, 

{UON2]JIISUOD IYI aptsino O61 A puNoIe s3eig 


{yrxts 941 Jo Z ‘UYy 
941 JO OT “YANO; a4 Jo 1 “paryy ay Jo g ‘apnyruseu assy 9y1 JO | ‘s1eIs QZ} 
OOF UoyVJOU “YSU ay} UO Ie]s JU], 
JOO} UIZYINOS YJ] VY] UO 41eIS BY], 
99.14) 94) jo JSOWUUIIYIIOU IL 
UI9Y} JO JSOUMUIIYINOS VY] 
}99} SY} PUNO WDY-UIWIIKS JY UT ¢ 9Y] JO Ie}s a, ppt ay 7 
Ysty 1YSt1 ay JO YoeG ay} ur ses oY], 
92Uy Yo] 24) uo JB\s Iu L 


[uoneustsap apniuseyy ssaigap ut | saoi8ap ur uondriissaq [uone|[aisuoa 
uapoyy| epniney | epnyrsuoT ut Jaquiny] 


Book VIII 


¥6'G ATU OI8G DST Pur ‘gE's SI Th ‘ZL'p SI» ssapratuseu ay st waqoid 19YyIOUY “qrry] » pue gry [Ff se snutUEy ‘(aut Aq 

paidope ‘01 gs OS St YoryM) ZBLPI Bay ,0 PUE qT Ase Ajauap! Y—_ équy 4 UONUsUL AWIZ[OIg sa0p AYM “1991109 are SUONBOIUAp! IY) Jl “ING “sayeoTpUul 
Auiajoig s¥ suorisod aanejar sures ay} Afayeutrxoidde ut aie paieusisap aary | sieys ay, “uley90un ATYSsIY st PL PUY Eg] ‘sou JO UOTVOIWHUApI IY] , 
(EG § 2s) UOTTIpPesy dIqeIYy ay) JO ed UT puke g ‘su Y901F) BY) UT PUNO} st ¢ JURTIA JY f , 

“G-§96 ‘s[09 JapuNs)-][og 29g ‘UOTJeAJAsqo sAaITLIVa Ue WIOIy UOTZIOND v st _YyotyM “(F[‘LZ9ZH) L KI 18 1da0xa 
139}72] ay) sasn sAvmye Aula[Oig Inq ‘s}xX9} Y9aUF) JY} UI puNo] aie 1OYUX pue (eaqr’y souay ‘,souejeq,) SoAag yrog ‘(sntduoog Jo) smeyo, Aypesanty ‘woYuX, 


e 


[492] 343 Jo] soURApe UT Z J9YI0 aU} JO ysOWIUIOYIIOU JY], 

SMED BY} UZIMIIq SIeIS F BY} JO JsOWIIL 3y T 

Way} JO JsowWUIDYy1IOU oY | 

[asaya jo] Z sowed 34) JO JsoWTUIDYINOS oY], 

Me] W1aYyIIOU 9Y} JO YOU sIBIS ¢ 941 JO paoURApR sou ay], 
UOT]ET[I}SUOD JY} IPIs]no viqry punore sIe1Sg 


(Ere 


{yyly oui Jo Z ‘yIaNo; ay) JO F ‘opnyuseu puodds ay) Jo Z ‘siKIs g} 
MPO IUIS IY} UO SIU} JO 131 IY} 0} BUC JY] 
MEO UJIYIOU 3Y} JO I[Pprul 3y) UT IBIS BY TL 
MEO SUIS 94} UO SITY) JO JDURAPL UI JUO JUT, 
MEO UIIYINOS BY} JO 3]pPprlw sy) ul 41eIs 9y 
Sty} JO BDUBAPL UI IBIS JUTE] 3y} 
auo 1Y481iq ay) 
*ME]D ULIYIIOU 394) Jo diy ay} UO sIBIG 
W UY} J9}UTe] pue sIy) JO YIIOU dY1 0} 13s DyI 
auo 148tIq 34) 
“MRO Udy NOs ay) Jo dy ay) uo sivjS 


eaqry] jo uonerfaisuory [TTTAXX] 


801TH 


tN OMm © 


alr 
a 
= 
= 
= 
= 


(I ¢l 


me OF OO OD 


[oN 
| 


{uoneustisap | spniruseyy soougap ur | sooi8op ur uondtiosaq [uone}faisuos 
usapoyy] apniney apnisuo'T ut Jaquinyy] 


{asaydsimay usayjnos ay) ur suotopjajsuos ay] fo jnodD] avjnqo yy} | 


DTI TA XG Mes Siae4s) 7 TTA 


ius 


Scorp 


. 
. 


VIII 1. Constellation XXIX 


312 


‘ureqzg0un st SurprAiaagq ‘G[— 0) Q[—- Surpusulo ‘,9 se Gy pue ,) se F] Aynuapt (gg{ ‘d uo ggg ‘0 


u) y—q ‘ATUO sapnaNney ayy sasiaAad snimtue yy "G| pur FI 


Jo erep ay} passanas ‘Ajsnorqnp ‘aiojasay) aavy J “(o£8I —) au0 usdy JOU ay) s{]eo ay YM UY) (.g[-) =PNINE] Ajray sou aso & (-ssud a4} UT) sey JUO UJOYINOS 


ay? syeo Awiajorg yYM dOULLaY WN “YOIyM ST YOIYM 1BI]9 JOU St TING “OIG 22 pur 2 ym paytauapt aq 07 a4e GT pure ZF] ‘sou yey) paoide A[jesouas sty] , 


09g U 


09S 12x 
19S ze 
oog n+ WW 
09g 3 

O209 FO Sadi C251? 
09g (,2)€1 
099 1 
oog D 
02g Oo 
OIG M+ My 


09S A 
02g d 
095 4 
02g Q 
02g J 


Qi'T OF 

qT 66 

qT 06 
O18S OSd« 


{uoneustsap 
wapoyy] 


HONMMOMNOMO WTO 


ef em eo) OO <t 


apniruseyy 


sao18ap Ul 
apniney] 


‘Ay‘q Ul punoy st 2g JULLIBA DY 
‘UOISIOA DBLIAG AY Ul FQ JULIILA ay Sp10IA HG S< 
‘(a-d 4q paidope “ry 00) os) 9g sey yoy “q ydaoxa ‘ssul yoouyy [[e Jo Surpeas oyI St SIU], 


qurof yap ay) ul “BuImojfoj 2uO 2Y,T, 
J21S-3]GNOp IY} Jo 1¥Is UJDYINOS JY J, 
yuiof pag ay) ul 4e}s-a,]qnop ay) Jo ses UIIYIIOU IY LT, 
jurof puz ay} ur ‘sty) 19372 QUO 9YT, 
Apoq ay) wio.sy qurof [-frey] ysary 9A UT JeIs BY, 
asay) JO IsSOULIBaI oY], 
Bay yey ayI UO Aayeuntxosdde ‘asayi Japun Z ay) Jo 1vys DoURApK 3yL, 
§ ay} JO IsOWIeII JY, 
SaivjUYy, Pal[e2 pue YsIppos st YOIYM ‘asayi JO UO 2IPpIw oy], 
Apoq ay) ut sieys 1yst1q ¢ aYI JO paouRAPe ysOUW! 9Y 7, 
asay} JO JSOUIUIIYINOS IY], 

[jou] souo 14811q 
[¢] ayy Jo ouusay sou ay) 0} WUad"Ipe sieys Z IYI JO soUTUIAYIIOU JY], 
s8a] 24) JO auo uO ‘sIy} Jo UIese YINOS IeIs DY], 
3014} IY} JO sOULUIDYINOS 9y 7, 
asay} JO QUO aTppru sy], 
Pvayaioy ay} UT sueIS IYBIIG ¢ By) JO JsoUUIIYIIOU JY, 

snidaoog jo uoneyaisuo_ [XIX X] 


{yyxis 
ay Jo | “Yay ay Jo Z “YINoj ay} Jo G ‘apraruBeur parys ay jo | ‘seas 6} 
Way} JO JsOULUIIYINOS 34] 
Z deas ‘19YyIO 3Yy} JO JOUIUIIYIAOU JY T 
MEO U134 INOS ayy jo yynos SIB}S ¢ aul jo pooueape sou OUT, 
Ulay} JO JSOUIUAIYINOS JY, 


saoisap ul 
apnysu0'T] 


uondtiosaq 


[uoneyjaisuoa 
ut saquuin yy] 


OITH 


373 


1us 


Scorp 


VIII 1. Constellation XXIX 


‘(¢g ‘ou "Jo ‘aea1 ay) 0},) UONdIosap ayy Aq pawyUOod st “Y—d kq paidope ‘uonsass09 styl, “Z°§ 11H VW (26g) , 7 3% 40J (ry yum) 
(689L II] weyusng pue cot ‘d 19g ‘ou Y—q J) JeIsNIO Ae[Ngops aY1 sapnout AJsnotaqo snojnqeau, 
uonduosap ay) ing *(0¢99.9S) "dsozg 5 se auTes ay) SI YoIYM UONEUBISap a}2TOsqo Ue ‘ndoosajay A se Y-d 


IBS €» 
ydo (Pp) 
gl bb9 OIND + 99S H 


[uoreusisap 
ulapoyy] 


apnyruseyy 


s2ousap Ul 
apne] 


“y-q Aq paidope st ‘(194 “q',.L°T) 2tqery yi Ul puNoy “2¢ JUBeA OUT 2; 
"INBUDO B SB poruasa.daz ‘rayosre BY, 1, 

‘yy81a sutsas (yy—gq Aq peidope) 
413g ¢ ‘UoTesUe 342 Jo asoy) YIM ‘sIdope auO sayeuTPsOOd ay} UO spuadap UOT eIyTUAp! FUL, “F{ PARY “SSUI YI24E) SOW ‘IVW‘q Jo Suipeas dy} St SIYT 9, 


peay 243 Ul sieis ¢ JYI JO padUBApe IsOUL JY], 
ajqnop pure snojnqau st yoy ‘a42 ay) UO IBIS DY 
MOLI JY} JaAo ysnf ‘sty} JO IUBAPE UT 90 JTLT, 
Japjnoys Ya] 9y) UO IEIS SYL, 
Mog 2y) Jo dy ay; uo ‘asay) Jo IsoUIUaYyOU JY J, 
Mog ay) jo uonsod usayii0U ay} UT sieys [Z] 24) Jo IsoCUTULIYINOS ay TL, 
MOQ 24) JO UONAOd UJaYyINOS IY) Ul 2eIS 3Y,], 
puey yey ays Aq pray diss[-moq] ay) ut teas ay) 
MOLIe Jy1 JO Wr1od ay) UO AvIs JUL, 
1 smueses Jo uoneyjasuor [x KX] 


{fsnojnqou | ‘apnyuseur yyy sy) Jo g ‘s1e7s ¢} 
Way) JO ISOWIBIE 3Y 
Suns dyi JO YOU dy} 0} SIBIs J VY} JO P2OUBAPE JsOUI OY FT, 
Buns ay} JO 129.1 3Y} OF TEs snOo;Ngou ayy, 
UONe]JIISUOD YI aptsino snidioog punole siv1¢g 


yyy au 
JOZ ‘YINOJ ay} Jo G ‘pary) ay? Jo ET] ‘apnuseUL puodas ay jo | ‘sues [Z} 
Qsay} JO psoUBAPe IIOUI 3Y J, 
Suns ay} Ul sieqs J IY) JO IsoULIe|I BY], 
Burs 24) 03 yxau jurol ayy “uIof yI/ ayy Ul 41eIs BY], 
yurol yg sy) Ul ‘UTede JUO IxX9U JY], 
yurof yg ay? ul ‘yeYy) Jaye QUO 34], 


saaidap Ul uondti9saq 
apnysuo'y 


,7 9% Surpeoy , 


‘tdi0sg 5 SB SIy) SIYNUpPl sNIULY g 


aA HIN Om OD 


[uorje[]a1suoD 
ul Jaquinyy] 


61H 


wttarius 


Sag 


VIII 1. Constellation XXX. 


o14 


IBS (24)3S + (4) 1S% 


"8S S 99S UOTIIPBA] OIQeIYy ay} UI F pue gE SJUBTIVA JY} 10] ,, 

“M-d Aq pardope ‘§7z sey 4V 4, 

aVv‘qdy ul faz "SSUL 4991) DUIOS UT £CZ 

‘UOINPBI} NIQuIY Jatj1V2 YI ul (j) | JUBIeA 9YI SP10III OG S,, 
"snieytseg jo ainjord 
eB Bunaidiosjuisius si 10 uoNTpesy uRTUCTAqeg & saAtasaud * syuUaWIYyOR}e-yROTO JO SSUIM, OF Sutajos ul ‘(Q[‘E'] 2ea8utg "pa) uonsaeydayzy s9yIyM MoUy 
10U OP] “(AZ SET SNUB "Pr ‘QT'G°Z jV4p we wwuo’) -B-a) snyoaeddiy sv Ajava sv st snuenises jo ainquye sty “(aunyesoyty Jay Ny YM °7/ | Sfayay-nuanpny 
{Plas 2ag ‘UOT eTJoISUOD & Sjuasaidau aansry siya IYI anjoaluoy sqisneyd e ApUO st ING Sy XPXX ‘Id 524075 davpunog uniuopdqog ‘Surry “3:3 29s) yeuTsis0 
uvuoyAqeg & Jo sdurm oy) Jo uONLIdepe yoarry v oq Av Adu) atoyM “(7 |] ‘duo zp “Sty aary yp “3°a) sntaeywZeg Jo suonostdap ay) ur pauvadde (sapynoys yora 
uo au ‘Aay) 10) 11 MOY SI sTy | ‘podoTpes 191v9M at) SB LOPNoYs sy) WOT] 9917 SuruVIys puv ‘(s1oYy Ne oystUs[[aPy] Woy sadessed ‘gg pure JPEG] A ShevusIYy 
9as) puaptosquia 410 ajdand jo uaryo Suraq ‘aares09ap Apasse] sem aonoead ur ynq *(S32agdug 10 Ls S31agorizyou 10 Aox13 Dax Ali2 1dau Q ‘AgoNIM10b 
L agodaddou aoirorin3di0n0 ‘G¢z J AyIeg ‘Pp? ‘OTT AL XMTJOg Aq peuyap) paens ze se we ay punol dem 0} pasn ‘Asoay) ut ‘sem YoIyM pu ‘Jap;noys 

94} 1B YBO[D S.1aIpjos payunow v 0} (QUILU dy} sUGY) Poyoeye sem YIYM IOI Jo aoaId k& st IJ ‘saABUOTNIP ay? Ur Paiwauystus st P1OM SIT “S11uUDb3,, 


YysIy) Yor 942 UO 4s YT, 
yooy I4Sts WOT 2yI UO IBIs BY, 
3% auIes 941 JO 99Uy 9Yy) UO DUO dy], 
yYooy Ia] Jory 9y7 UO 1e}S BY TL, 
due 94) Japun ‘auo 19410 9) 
apeyq-Japynoys au} aaoqe ysnf ‘ouo aypprur ay) 
slappnoys ay) usamjaq aoejd ayi aaoqe snf suo ay1 
‘yoeq oy) UT sIe}s 99141 
MOG|2 14S Vy UO IBIS 
Japynoys 1481 ay) uo 3e1s 
uray} JO JsoUTUIaYINOS 
JUDUIYORNL-YVOTD UsaYINOS 9y} UO sIeIS Z 24} JO JsOUTUIIYyIIOU 
2aIY] IsIyy JO 1V91 JY} O} IeIS JUTeT 
3a/Y} ay) JO JsOWUJayII0U 
asay} JO 2u0 J]pprw 
-USWIYI"}L-YVOTI UsIYIAOU 9Y} UI sIeIs ¢ DY) JO JsOUIUJaYINOS 
diy] ay] Jo ysouLIeSI 
asoyi JO suo spp 


IBS Xx 
IBS LG 
48g (3) 19 
IBS (2)6¢ 
IBS a 
Iss d 
48S (PEF 
13g u 
I8g 0 


+ 


THOM HTOMONO 


t 
£ 
es 
t 
Lt 
Lt 
Lt 
£ 
£ 
ft 
£ 
£ 
t 
t 
t 
t 
£ 


[uoneusisap apnyruseyy saaisap ul $22182p Ut uondts9saq [uoneyaisuos 
wiapoy] apne] apnyisu0'yT ul Joquinyy] 


FITH 


S75 


Capricornus 


VIII 1. Constellation XX XI 


deg 2 

dey (Vv) 
deg h 
deg © 
deja 

dey 1 

dey o 

dey d 

dey u 

deg o 

dey 22+ 12 
deo 

dey A 

der) ,0 + ,0 


IBS (2)Z9 
IBS (4)66 


4138S (V)09 
13g 0 


I3¢ 1 


{uoneusisap 
usapoyy] 


‘(gy ‘d uononponuy +2) 


dn payqnop st yorym 99U4 7Yyste ay} St yt “V@AgMoY “2494 
‘uanlim Aqpewiou st £ Aem ayi you st yey nq Gt) 9°77 GREE ecaaay YIO Ly‘ Jo suipeas ay} St SUL zz 


m ‘g{t duo [p “31 peruL aredwony ¢z 


“6 aaey (19x) Wqery BWOS puke “ssUT FPF) 9410 4. ‘(4° LT) uontpen siqesy ayi jo sour pue (Jo Surpeas ay} St SITY T jz 

“£1Z SABY ‘SSUI Y221D SOW ‘1y‘q jo Burpeas ay? St SIY], oz 
(gp ug wm saai3e Yorym ‘J 40} 1daoxa) Ty Jo Suipeas yi st 203 ‘(gZ) SX SAVY “SSUL Y921F) SOY 6, 
‘ST'GLIH 18 (262) .& .7 Ax 405 (Id Aq pardope “Wy yum) A ,7 5% SUIPEOY gy 


momouowonovnonon ttt 


mm uw WwW 


apnuseyy 


(9° 
aS 
iy 
ie 


61 t0o7* 


saaisap Ul 
apniney] 


206 “A 
Lol A 
201 A 
cit a 
x11 A 
LIT A 
tg th 
28 
ig A 
6“ 
129 CEs 
Lo 
1b a 
iL 
£60 £ 
293 £ 
293 ¢ 
wee 
31296 Lx 


SI2I89P Ul 
apnisu0T 


Ayjaq ay) tapun 1243230} asoyo sxeis Z 9y2 JO paouRApe 24001 ay 

JappNoys Ya] ay} UO Aes 9y 

aauy 1Y8tU ay) Jopun seIs 9Y,L 

,g20uy dn-payqnop ‘yaf aya uO reas 94. 

WY} JO ISOUUIIYINOS 24 J, 

yoou oy) UT sivas Z ay) Jo ouUIIYWOU YL, 

ada 1yStu oy) zapun *¢ [aroqge] ay) JO souRApe Ut TeIs OU, 

say JO SOUT! 9Yy YT 

OM} JayIO aYI JO paouRAPK I10W IY T, 

d]ZZNU ay) Ul SIRS E aYI JO ISOWUUIIYINOS 34 L 

usoy aouvape ay) jo dn ayy uo 4eIs oy 

aaiyy ayy JO soWTUIaYINOS 34], 

9say} JO aUO sIPprw 3q J, 

WIOY {vat YI UT SABI | VY} JO IouUIIYyWOU OY] 
snusoolidery JO UOTIE[IIISUOT) {tixxXx] 


{snoynqau [1] ‘yrxts aya jo g “YYY OW) 
JO g ‘YINOJ IU) JO G *Palyy 241 JO 6 ‘gpnyuseU PUodes 2U} JO Z ‘sueqs [¢} 
Opis ULIYINOS ay} UO IBIS IIT IYI 
apIs UIIYINOS 9} UO IBIS IUBAPE IYI 
opis Uiay OU dy] UO Jes FEIT II 
opts Ute TOU ay) UO 1Bys JOURAPE IY} 
‘[Apoq ey] 
surof Je) 9y} 224M gouyd aya ut [esaepupenb e Burusso0j] savys INO} 94], 
Bay AaMoOy puly IYSIA ayI UO IeIS 24 


uondi.1osoq 


aN tOHOMm OD 


1 
0€ 
66 
86 


1¢-86 
LS 


[woreyjaisuoo 
ul Joaquin] 


911TH 


Capricornus 


VU 1. Constellation XX XI 


376 


iby q 
iby o 
iby 0 


iby (p)¢z 


dep (,2)9p 
dey y 
dey nf 
dey (P)Zp 
dey Q 


dey A 
dey x 
dey 3 
der i 
dep 9 
dey u 
der X 
dey 
dey (q)o¢ 


[uoneustsap 
usapoyy] 


‘QT ‘duo [Fp ‘BIg apary yz, 99s :re} urew ay) JO YNos 2q 0} psapur suisas sins ay) UO 
Ajperoyjaadns st ainyoafuos ayy y8noyty “SUGADND A0110A SD1N12MA 2U1 113 gZ‘99 1H pue 
Sunsafoid] uo auids ay}, 01012 07 (,u1ayINos,) @120A spusuta (E04 -d) 

‘9g “OU ISB.AUOD ‘ondIpoa ayi Jo yINos ApYysys Asaa si xeys oy] yey) soieorpur sdeysad (9, a18urps00d ay) 0) payee 


69 Ly oy 


co LQ Wh 


1919 1 LH EH HE OS 


apniusepy 


or 28t 
\6t 
Ge 
62e 1+ 


saoisap ul 
apniney 


19% 
1S a 
{9 a 
10 = 
186 
112 
183 
296 A 
69g A 

weve x 

GoM 
166” 
1g “” 
So 
£91 
fol 
eel 
+2406 EA 
saaisap ul 
apnisuo0y 


‘19 S$ 0} Sutps0z98 28] JueUeA ay) pey uore[suey oehg oy], oe 
‘09 S$ 01 SuIpsooo% uONTpENn IIqeIy Jo1eI VY} UI SINd90 £G JURIULA JY T «, 
 P0ydgo “a's [Sr] puv ‘Zz pur [Z “sou (ATXXX) smMaQ yo aoyodgo jo Suravous sys JO », 
IV 246 y 3d39x9a “SSU YIoIr) Il® 21622 


uonsafozd sty jo uones0y ay) ‘aToeINIe 
‘SUgADID SoM11HA Slr 143 [°9Z[P{ Sutsedusoo ‘( yovq ay) [Woy 
snnrueyy ‘[le-ysty 243 wos uoNoafo01d & suvaur asay (UgAD»D) 


ouidg, ip 


‘ 


YINOS, UONIIIIIP IY], ¢, 


(6G § 998) UONIpe oIquay J97e] ay} UT sind90 EZ JURTIeA ay], $3 


JaIp[Noys fo] 9YyF Ul IBIS BY], 


W JapuN “auo0 JajurTey ay], 


Jappnoys Ist sy ur sawys Z IYI Jo saIYy sq 
snuenby jo pzay ay} uo se}s 
snuenby jo uoneljaisuoZ []TX XxX] 


{yaxts 


247JO 9 “YAY ayB Jo G ‘YLNO] ay Jo g ‘apnytUseur paryy ay} Jo F ‘s.eIs gz} 


gz Fl- [EER 9) Jo pua 3Y4} uO ‘way JO JsOWUIIY{10U 

ISIY} JO IUO appr 

§ 12410 oY] Jo JSOULUTIY INOS 

[rer oy) jo uoniod U1ZYIIOU 34) UO sie}s F 2} fo psouvaApe soul 
W192} JO SOULIVII 


UL 
aL 


UL 
au 
ou 
UL 


au 
wea 


ay} 01 1x9u [Apoq ay] jo] uoTas ay) UT s1eqs Z 2y1 JO paoURApe aI0UI DY J, 


u2y) JO JsOULIeaI 

922Ulds UsoyINOs ay) UI sIe}s Z JY) JO psoURAPE a10W 
UI9YI JO JsOUIvII 

yoRq IY) Ul suevis Z 9y1 JO paouvApe a10W 

way} Jo jsourUsay1I0U 

Z 2UPAPE “19410 dY1 Jo JsouUUIZYyINOS 

Apoq 24} Jo a]ppruz ayi ur sueis ¢ ay] Jo soULIeaL 
asayi JO JsouIeaI 


uondtissaq 


aul 
UL 
UL 
aul 
UL, 
aul 
24 
au 


[uone}poisuos 
ul s3aquinyy] 


0¢1H 


8ITH 


ony 


wus 


Aquan 


. 
. 


VIII 1. Constellation XXXII 


66 °U OFE “AIO “OBLIE = (6Z)P PUR 9S'9TE = (€%)” SPUN 240 (016g = 3 YM) UONUT[IaP Puke UOIsUI2SE 148LI OF S21BUIPs00> s Awuz]01g 
s]49AU09 JUO UDYM 40,J ‘9-GZ ‘SOU JO PaoUBAPE ISsOU IY}, SII HZ ‘ou uey) apniusuoy JoIwI18 & sey EZ “OU ySnoyyy ZG9 Pue [G9 “sou 90I ‘d y-d pure F0F 
-dsnniueyy as pasodo.d uaa aaey yory™ suor nos sNOLIvA ay} 104 “LOL UT ATQe1apIsuod IIE S2TBUTPIOO 24) aby x se payruapt 4]199.1109 St 1B4s SIU) JT ce 

‘(aaay) [GU gas) 2419Y SB paieaduajur aq youues SoasnaoAlodu a1ayM “QZ OU (IX XX) S20stq WONeTNULOS AeTTUNTS 
Anoexa ay jo ‘du og *,du sey v -( ysay,) 502@du pest pynoys suo sdeysad ing *¢Z ‘ou JO SOUBAPE Ul, Ayuteyiao aie (Zp ‘ou “B’a) MOTJ 42 JO WONG 24) ye 
s1B]S 3Y} OUIS ‘197M JO MOY 2JOYM ay} UL PIUPAPL }SOUL JY), UIT JOUR) I 1OJ + pusq 241 OF dn uorias ay} UT p2oURAPR SOUT 941, UBIUT OF STY) QAR) Tyg 
“pautwexe aavy J “ssul SIqRIYy [[e Ul PUNO} St F Surpeas ayy ‘(snntueyy Aq poidope) uondowtp Jeulpnyne] ayy toy APayINOS, 2PABY LC ¢¢ 
‘19 “gq UT punoy “2g apnainey 943 ‘p] 10} dope 07 ayqeaayaad aq 
pynom u sdeysag “p[ pure ¢[ Jo sepmanry oy} sasuvyoiarut (POP 'd) snnueyy 2UueH ‘(g] ou) aby Q Jo YINOs ay) OF FY MIUOS 9PNINL] & aavy prnoys by J .. 
‘suONETsURsy WIqery 243 Aq A[snowtueUN pouLyUos 
st yorym ‘uONepuata aU) sasinbas asuas 31 ‘amizdog savy “ssl Y99.1Z) [IB ysnoyyy ‘OlOZIH 22 (.4ou a 01,) Aan3dog 10} AM110A BUIPLIY 4. 


eptbV Mx $ Gt Gl a »pPuRY ayd 1B Suruut8eq [uotas ay) ut] paouBape ysour oy) 

:13]@M JO MOT IY} UO SIeIS 9Y,T, 
aby (,3)99 G 6- is QaUy oy) AapUN ‘asoy} JO JouUsaY WOU IY TL, 
aby (,3)89 G Ol- i garae Boy JMO] Ya] ay} UL S:ABIS Z IY) JO IOWTAZYINOS IY L 
iby ()¢¢ S oe ip 2 ystyr yay aya JO YOR oy? Ul TeIS OY L 
aby 2 F ae oleae gies ae JopunN ‘Woy? JO \sOUUIaY OU 2Y TL 
aby Q ¢ sr L11 2 So] AIMOT IYSIA ay) Ul SIEIS B IYI JO JSOULUIIYINGS 34], 
iby (2)8¢ 9 eh Otm ¢E se Woy} Jo JsoWUUUJoYy WOU 24] 
iby 1 p I - t] Youn Ya] IYI Ul s1eIs J IY) JO ISOWMUIIYINOS ou 
aby © $ 20- {g 2 yooung IWSi1 ayy UO IBIS 9y J 
aby d c ach te L x WI2Y} JO SOULIBIT IY F, 

[dry] syst 
iby 9 b ¢t+ tg ay) Jo MOTJOY dy} UE LIyVIBOI asoj stwIS J 241 JO PIURAPE MOU IY 1, 
iby U € gt fel se Way} Jo soULIeII BY YL, 
aby 9 ¢ 6+ FALL {UNO ayi OF J JaYIO ay? JO psouBApeL aJOU 9Y J, 
iby u ¢ rOit S11 pury IYySt ayy UO sizys ¢ IYI JO soWUUaYyION 94 T 
aby A € ¢ {6 a WLIeII0J JYSIA VY} Ul ALIS BY], 
iby 3 ¢ gt thr A aa1yi ay) JO paoueApe Isoul 3Y |, 
iby b 8+ 291 A asay} Jo au0 ajpplw ay, 
iby A o cg+ LLL 120) dy} UO “WAR Yay IYI UT suBIS Jaay) ayI JO woUeIT YL 
aby 3 C rot 116 A yduue ay depun Ajayveurtxosdde ‘yoeq ayn ur yey} JopuN suo 94 L 
[uoueUsIsop apnyuseyyy s9aid9p Ul Sdaidap Ul uondiissaq {uonejaisuo0s 
u1spoyy } opniney opnisu07y ut saquinyy | 


Aquarius 


. 
* 


i 


VIII 1. Constellation XXX. 


378 


‘(EQ S 9298) suOTIIpEy sIQuiy pue (q) YIII5 YI UI puUNo] si ¢Z JURLILA BY] |, 
‘Buoim GE ‘OU JO spNINe] 9y1 108 ay Ayquqolg J9014) VY) JO soWUaYINOS oY) se yt I9qlosap Ajduuts you ay prp AYM ‘Op “OU JO YINOs 
paapur st Gg ‘OU J] ‘UoNdtuosap s,Auuajorg sI adULYD Aue Zuryetu suredy ‘(|peuts 007 [fs st yTyM UW'q Ul Lp] st jUELIeA apqisneyd AjUO ayy) AWoYINe yNoyIM 
se [Jom se apqisne|dun Ajpeorydessoaryed si ‘rg] ‘uoIepusia 4194) ING “BE JO <prHe] ay1 pusuto ‘Arqusneyd 210W ‘Y—d “OP Puke GE ‘sou Jo sapnqNe] sy) 
sasueyoioqut (Ggp d) snniueyy suzy ‘by 6g JO YINos sy) 01 Apqeaopisuod st Aby gg JO sprgHneRy] sya INg “IqNop UT JOU St [P-GE ‘sou Jo UONLOYTIUSP! 34 T 9, 
“£3 AARY “ssuL Y9IIH) sour “Ay ‘(] JO BuIpeas ay} St SY], g¢ 
“AyLioyyne ou uO 
“L193 apnySuo] sy) puswa 07 pey s19j9g JEU JOM.L9 FEUIPNIBUoT & Was os saaToaut styy ing ‘Huenby fF sajosd Yy—gq ‘pesodosd Auu st uoNeIHWAPT STYL, g¢ 
‘ZO § 0} BuIpsod9¥ UOISIIA DVLIAG IY} UT SEM FQ] JULIIEA IYI, /¢ 
‘(LZ ‘OU) 1972] sa2WI0D pudaq ayi UT ATJENyOe Tes DY) 4OJ ‘,PUsq 9Y) Jaye, IIZJsuLs] O7 SN spIqso} EIS It) JO 
uonenys ay) pur ‘GZ “OU (JT XXX) saostg ur se ‘Soastloug}jo 1uapeainbo ay) oq Jouuwd v19y D123 “ALUTOy ALL N23 Jo YBUL UBD J ISUIS 1S9q IY ST SIU, g¢ 


{yrxts ay jo | “yyy ey) 
JO ET ‘YLANoy ay? Jo gy ‘pany ay Jo G ‘apnatuseut asaty 9y) Jo | ‘sues Zp} 
snuLysny 
slosig JO YINOUI Jy) UO PU 13}eM 9|Y) JO PUD 3y} 18 JES 24) 
way) JO IsoUTUaYy VOU 3y) 
Z Jayio ay) JO JsOUTUIaYINOS 94) 
dnoid Surureuiss dy) Ul sie]s § ay} JO psoURAPL jsOU JY) 
dary) IY) JO 9UO J[pprur ayi 
aa1y)] IY} JO JsoUrUIIYINOS 3y3 
asimayty [pasueiie] ¢ IxXdU dy] Jo JsOUTUIIYIWOU 3Y3 
WI2Y) JO SOULIZII Yi 
aa1y} 2y1 JO 9uO J[pprw ay) 


I ae 
P a 
F Frat 
% Ss 
y ore 
¥ Be 
+ see 
¢ ee 
G aes 


dnos8 3x9u oy) ul sI¥is ¢ JY] JO IsSOWTUIIYIIOU 9y)} 

Woy} JO JsOULIvaL 3y) 

JIVE] IY} Jaye 19yI9801 asoyo s.ivys Z VY] JO paoueape JOUI 9) 
YINos sy} spsreMO} [0M)] ds9Y} WOT DDULISEP JUIOS 1 1B}S JUOT IYI 
OM} a4} JO JsOUTUIZyINOS 2y) 

Sty} JO YINOS ay} O} sivys Z ay JO ISOUUIIYIIOU 3Y) 

sit) JO YINOs 9y) 0} Pudsq SY} UT 9UO 2y) 

sty] JO ulese 191 JY] 0) DUO 2y} 

¢PUeq 2yp [Jo Sutuutsaq ay3] Joye ‘sty? 07 x9 JU 24) 

YINOS VyI SPABMO} 193} VY 07 1X9U QUO 9Y) 


(,V)bOI + (:W)Ol« 
iby ,0 
iby AY) 

28568 OSE 
Iby ,thy 
aby 
aby X 
iby 
aby (ues 
iby Y 


[uoneustsop apnyuseyy $20159p Ul $991d2p UT uondriosaq [uoneyaisuoo 
wi2poyy} apniney apnyisu0T : ur yaquin NI 


* 


treet HHO OO 


HHERERE BEA 


¥c6IH 


661H 


379 


1SCeS 


P 


. 
. 
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400 VIII 2. Location of the Milky Way 
2. {On the situation of the circle of the Milky Way}! 


Such, then, is the way in which we.may set out the order of the fixed stars. To 
this we shall join, as the logical order demands, our discussion of the disposition 
of the circle of the Milky Way, to the best of our ability, with our observations of 
each of its sections: we shall try to describe the form which the individual parts 
appear to take. 

Now the Milky Way is not strictly speaking a circle, but rather a belt of a sort 
of milky colour overall (whence it got its name); moreover this belt is neither 
uniform nor regular, but varies in width, colour, density and situation, andl in 
one section is bifurcated. [AI]] that is very apparent even to the casual eye, but 
the details, which can only be determined by a more careful examination, we 
find to be as follows. 

The bifurcated part of the belt has one of its ‘forks’, so to speak, near Ara, and 
the other in Cygnus. But, whereas the advance [part of the] belt is in no way 
attached to the other part, since it forms gaps both at the fork by Ara and at the 
fork by Cygnus, the rearmost part is joined to the remainder of the Milky Way 
and forms [with it] a single belt, through which the great circle drawn 
approximately along the middle of it would pass. It is this belt which we shall 
describe first, beginning with its southernmost section. 

This [section] goes through the legs of Centaurus, and is rather less dense and 
less bright [than the rest]. The star on the knee-bend of the right hind leg[ XLIV 
31] is a little farther south than the line [bounding] the milk to the north, and so 
are the star on the left front knee [XLIV 36] and the star under the right hind 
hock [XLIV 32]. But the star in the left hind lower leg [XLIV 33] lies in the 
middle of the milk, and the stars on the hock of the same leg [XLIV 34]'?? and 
on the right front hock [ XLIV 35] are to the north of its southern rim, by about 
2° (where the great circle is 360°). It is slightly denser in the region near the hind 
legs. 

Next in order, the northern rim of the milk is about 13° from the star on the 
rump of Lupus [XLV 10], and the southern rim encloses the star on the 
burning-apparatus of Ara [XLVI 7], but just grazes the northernmost of the 
two stars close together in the brazier [XLVI 6] and the southernmost of the two 
stars in the base [XLVI 2], while the star in the northern part of the brazier and 
the one in the middle of the brazier [XLVI 4, 3]'®° lie right in the milk. These 
sections are rather less dense. 

Next, the northern part of the milk encloses the three joints before the sting 
of Scorpius [X XIX 17, 18, 19] and the nebulous mass to the rear of the sting 
[A XIX 22], while the southern rim touches the star in the right front hock of 
Sagittarius [XXX 25], and encloses the star on his left hand [XXX 2]. The star 
on the southern portion of the bow [XXX 3]'®! is outside the milk, but the star 


'8] have appended to the stars named in this chapter references to their place in the catalogue 
(VII 5 and VIII 1). 

'° In the catalogue this star is described, not as ‘on the hock’, but as ‘on the frog of the hoof’. 

'©° In the catalogue this last star is called ‘the star in the middle of the little altar’. 

'®! Reading to€ou for ToEdtov (‘Sagittarius’) at H172,8, with Is. The same correction has to be 
made for the next star (H172,11). Corrected by Manitius. In the catalogue (H112,12-14) Heiberg 
rightly prints togov, although there too all or most Greek mss. have to&6tov in all three places. 
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on the point of the arrow [XXX ] ] lies in the middle of it, while the stars in the 
northern part of the bow [XXX 4, 5] also lie in it, each of them being a little 
more than 1° removed from one of the rims, the southern star from the southern 
rim, the northern star [rom the opposite rim. The area [of the Milky Way | near 
the three joints [of Scorpius] issomewhat denser, while the area round the point 
[of the arrow of Sagittarius] is very dense indeed and appears smoky. 

The following section is a little less dense. It extends along [the constellation] 
Aquila, maintaining about the same width throughout. The star on the tip of 
the tail of the snake [Serpens, XTV 18] held by Ophiuchus lies in the open,!” a 
little more than one degree away from the advance rim of the milk, while the 
two most advanced of the bright stars below it lie right in the milk: the southern 
one [NVI 15] is 1° from the rear rim, and the northern one [XVI 12], 2° [from 
it]. The rearmost of the [two] stars in the right shoulder of Aquila [XVI 8] 
touches the same rim, while the more advanced one [XVI 7] is cut off inside it, 
as is also the more advanced, bright star of those in the left wing [XVI 5].'° 
Furthermore, the bright star on the place between the shoulders [XVI 3] and 
the two stars which lie on a straight line with it'™ fall a little short of touching 
the same rim. Next, Sagitta is enclosed entirely within the milk. The star on the 
arrowhead [XV 1] lies one degree from the eastern rim, while the star on the 
notch [XV 5] lies two degrees from the western rim. The section round Aquila is 
slightly denser, and the remainder slightly less dense. 

Next the milk extends towards Cygnus. Its north-western rim is defined 
in a reentrant angle’ by the star in the southern shoulder of Cygnus 
[IX 11 ],'°° the star under it in the same [southern] wing [IX 10], and the two 
stars on the southern leg [IX 13, 14]. Its south-eastern rim is defined by the 
star in the tip of the southern wing-feathers [LX 12], and encloses the two stars 
under the same wing outside the constellation [IX 18, 19], which are about 
2° from it [the rim]. The section around the wing is slightly denser. The next 
section is continuous with that belt, but is much denser and seems to have a 
different starting-point.'®’ For it points towards the end parts of the other 
belt,'°° but leaves a gap between it [and itself]: on its southern side it joins the 
belt which we are currently describing, which is very rarefied at the junction; 
but after the point where it forms a gap with the other belt it gets denser, 


162 T iterally ‘in the open air’, i.e. outside the Milky Way. 

163 In the catalogue these stars are described as being ‘in the left shoulder’. 

164 This does not correspond to any description in the catalogue. Manitius identifies the two stars 
as XVI 2 and 4 (B and o Aql). These are indeed approximately on a straight line with XVI 3 (a 
Aql), but they hardly fit the rest of the description, since B Aq| lies well outside the Milky Way as 
viewed by Ptolemy. More appropriate would be @ Aq! (XVI 6) and v Aq}. However, the latter star 
seems not to be mentioned in the catalogue. 

'éy émkapti@. Explained by what follows: this is where the other (western) branch of the 
Milky Way joins; since, according to Ptolemy, the part north of this is aligned with the end of that 
branch, it forms a reentrant angle with the present, eastern branch. This is best seen ona star globe. 

'66 In the catalogue this is called ‘the star in the middle of the left wing’. ~ 

167 Translating Heiberg’s emendation, Opyapeva (supported by Is: ‘ibtada’a’) for the Opopeva 
of the Greek mss. and L. The latter could perhaps be translated as ‘and is seen, as it were, froma 

i starting-point’, but this is very harsh. 
ar Re peariel of the Milky Way which is mentioned above (p. 400) and described below 


(p. 403). 
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beginning from the bright star in the rump of Cygnus [IX 5]'®? and the nebulous 
mass in the northern knee [[X 17]. Then it makes a slight bend as far as the star 
on the southern knee [IX 14], and continues, gradually diminishing in 
density, up to the tiara of Cepheus. The northern side is delimited by the 
southernmost of the three stars in the tiara [IV 9] and the star to the rear of those 
three [IV 13], at which it also forms two outrunners, one verging to the north 
and east, the other to the south and east. 

Next the milk encloses the whole of Cassiopeia except for the star in the end of 
the leg [X 7]. The southern rim is defined by the star in the head of Cassiopeia 
[X 1], and the northern rim by the star in the foot of the throne [X 11] and the 
star in the lower leg of Cassiopeia [X 6]. The other stars [of Cassiopeia] and all 
those round about this [constellation] lie in the milk. The areas near the rims are 
of thinner consistency, but those at the middle of Cassiopeia display a dense 
patch running the length [of the Milky Way]. 

Next, the righthand parts of Perseus are enclosed in the milk. Furthermore, 
its northern edge, which is very rarefied, is defined by the lone star outside the 
right knee of Perseus [XI 28], and its southern edge, which is very dense, by the 
bright star on his right side [XI 7] and by the two rearmost stars of the three to 
the south of that [bright star, X19, 10]. Enclosed in it also are the nebulous mass 
on the hilt [XI 1],'’° the star in the head [X15], the star in the right shoulder (XI 
3] and the star on the right elbow [XI 2]. The quadrilateral in the right knee [XI 
16, 17, 18, 19] and also the star on the same [right] calf (XI 20] lie in the midst of 
the milk, while the star in the right heel [XI 21]'”' is also inside it, a little 
distance from the southern border. 

Next the belt goes through Auriga, displaying a slightly thinner consistency. 
The star on the left shoulder, called Capella [XII 3], and the two stars on the 
right forearm [ XII 5, 6] fall just short of touching the north-eastern rim of the 
milk, while the small star over the left foot in the lower hem [of the garment, XII 
14] defines the south-western edge. The star over the right foot [XII 12] lies half 
a degree within the same edge, and the two stars close together on the left 
forearm, called Haedi [XII 8, 9], lie tn the middle of the belt. 

Next the milk goes through the legs of Gemini, displaying a certain amount of 
density in elongated form just over the stars at the ends of the legs. Now the 
advance edge of the milk is defined by the rearmost of the 3 stars on a straight 
line under the right foot of Auriga[X XIV 19], by the rearmost star of the two in 
the staffof Orion [XX XV 12]and by the northernmost [two] of the four stars on 
his [Orion’s] hand [XX XV 9, 10]; the brilliant star under the right hand of 
Auriga [XXIV 20] and the star in the rear foot of the rear twin [XXIV 18] are 
approximately 1° inside the rear edge, while the stars in the other feet [X XIV 
14, 15, 16, 17] lie in the midst of the milk 

Thence the belt passes by Canis Minor [Procyon] and Canis Major: it leaves 
the whole of Canis Minor outside the milk no small distance to the east, and 


'©9 This is called ‘the star in the tail’ in the catalogue. 

In the catalogue this conglomeration is said to be ‘on the right hand’. Perseus holds his 
weapon, the Gpzn (cf. Hipparchus 2.5.15, ed. Manitius 198,10), the hilt of which Ptolemy refers to 
here, in his right hand. 

'7! In the catalogue this is described as ‘on the right ankle’. 
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leaves Canis Major too outside to the west, almost in its entirety; for the star on 
its ears”? [XX XVIII 2] is caught by a sort of cloud which projects [from the 
Milky Way] and which then almost touches the three stars in the neck of Canis 
Major next to that [star] towards the rear [XX XVIII 3, 4, 5], while the lone 
star over the head of Canis Major, outside it and at some distance [X XXVIII 
19], is about 23° inside the eastern rim. The consistency in this whole region!” is 
somewhat thinner. 

After that the milk passes through Argo. The western rim of the belt is defined 
by the northernmost and most advanced of the stars in the little shield in the poop 
[XL 5]. The star in the middle of the little shield [XL 6], the two stars close 
together under it [XL 8, 9], the bright star at the beginning of the deck near 
the steering-oar [XL 17] and the midmost of the three stars in the keel [XL 38] 
are just short of touching the same [western] edge. The northernmost of the three 
stars in the mast-holder [XL 22] defines the eastern rim, while the bright star in 
the stern-ornament [XL 2] is 1° within the same [eastern] edge, and the bright 
star under the rearmost little shield in the deck [XL 31 ] is the same amount, 1°, 
outside the same [eastern] edge. The southernmost of the two brilliant stars in the 
middle of the mast [XL 27] touches the same edge, and the two bright stars at 
the point where the keel is cut off'’* [XL 35, 36] are about 2° inside the advance 
rim. At that point the milk joins the belt through the legs of Centaurus.!”° The 
consistency in this area too, throughout Argo, is somewhat rarefied, but the 
sections of it around the little shield, the mast-holder and the point where the 
keel is cut off are more dense. 

The belt we mentioned previously'”® forms a gap, as we said, between [itself 
and] the one we have [just] described, at Ara. Beginning at that point, it 
encloses the three joints of Scorpius’ [tail] nearest the body [X XIX 12, 13, 14], 
but leaves the rearmost star of the three in the body [X XIX 9] 1° outside its 
western rim. The star in the fourth joint [X XIX 16] lies in the open space 
between the two belts, about the same distance from each, a little more than 1°. 

After that the advance belt turns aside to the east, in the shape of'a segment of 
a circle, defining the advance edge of the milk by the star on the right knee of 
Ophiuchus [XIII 12], and the rear edge by the star on the same [right] shin 
[XIII 13], while the most advanced of the stars at the end of the same [right ] leg 
[XIII 14] touches that same [rear] edge. Subsequently the western rim is 
defined by the star under the right elbow of Ophiuchus [XIII 9], and the eastern 
rim by the more advanced of the two stars in the same [right] hand [XIII 10]. 


172 Reading émi tOv dtwv (with Ar; D' has émi tOv vodtwv) for Ext TO vost (‘on the back’) at 
H176,18. The correction was made by Kunitzsch, Der Almagest no. 533 on p. 322. It is confirmed by 
the whole context, and especially by the position of the star, 8 CMa. Manitius identifies the star 
here with XX XVIII 12, which is said in the catalogue to be ‘in the left shoulder’, but this star (0° 
CMa) lies well outside the Milky Way as viewed by Ptolemy. 

ng Reading 16 yopa SAov toDtO Apépa apardtepov (with D) at H176,24, to get a normal word 
order, for t6 yOua TODTO Tpeva Sov apatotEpov. 

174 Reading év tH anxotopy (with D',Ar) at H177, 13-4 forév 11] abit] dxotopf (‘in the same cut- 
off of the keel’), which is senseless. 

'75 Te. the point where Ptolemy began the description, p. 400. 

176] e. the western ‘fork’ mentioned on p. 400. But it is tempting to follow Is, who has ‘advance’ 
(ie. mponyovpévn) here and ‘mentioned previously’ below at H178,7 (i.e. npoeipnpevy for 
mponyoupévn, ‘advance’, of the Greek mss.) 
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From that point on there is a considerable gap of open space, in which he the 
two stars on the tail of Serpens [XIV 16, 17] next to the star in the tip [of the tail, 
XIV 18]. The whole of the section of this belt which we have [just] finished 
describing consists of an extremely fine and almost aery substance, except for 
the area enclosing the three joints [of Scorpius], which is somewhat more 
concentrated. 

After the gap the milk again makes a fresh beginning at the four stars to the 
rear of the right shoulder of Ophiuchus [XH 25, 26, 27, 28 |. The eastern rim of 
this belt is defined (being just grazed) by the lone brilliant star under'”’ the tail 
of Aquila [XVI 9], while the opposite rim is defined by the star which is some 
distance to the north of the four just mentioned [XIII 29]. From there on this 
belt, besides being rarefied, is also contracted into a narrow space in the area 
which is in advance of the star in the beak of Cygnus [IX 1 ], so as to produce the 
appearance of a gap. However, the remainder of it, from the star in the beak up 
to the star in the breast of Cygnus [IX 4], is wider and considerably denser. The 
star in the neck of Cygnus [IX 3] lies in the middle of the dense section. A 
rarefied section branches off to the north from the star'’® in the breast as far as 
the star in the shoulder of the right wing [IX 6] and the two stars close together 
in the right foot [IX 15, 16]. From this point, as we said, occurs a clear gap to the 
other belt, {a gap] stretching from the above-mentioned stars in Cygnus up to 
the bright star in the rump [IX 5]. 


3. {On the construction of a solid globe}'"° 


Such, then, is the disposition of the phenomena associated with the Milky Way. 
But we also wish to provide a representation {of the fixed stars] by means of a 
solid globe in accordance with the hypotheses which we have demonstrated 
concerning the sphere of the fixed stars, according to which, as we saw, this 
sphere too, like those of the planets, is carried around by the primary [daily ] 
motion from east to west about the poles of the equator, but also has a proper 
motion in the opposite direction about the poles of the sun’s, ecliptic circle. To 
this end we shall carry out the construction of the solid globe and the delineation 
of the constellations in the following fashion. 

We make the colour of the globe in question somewhat deep, so as to 
resemble, not the daytime, but rather the nighttime sky, in which the stars 
actually appear. We take two points on it precisely diametrically opposite, and 
with these as poles draw a great circle: this will at all times be in the plane of the 
ecliptic. At right angles to the latter and through its poles we draw another 
[great] circle, and starting from one of the intersections of this with the first 


‘77 Reading bn6 (with D,Ar) for mapa (‘by’) at H179,4. Compare the description of XVI 9 (p. 
Sony 

'® Reading Gn6 tov év TG otr)Ge1 (with Ar) at H179,14-15 forKai tOv év 16 otr|Oet. Corrected by 
Manitius (ano already suggested by Heiberg ad loc.) 

‘9 On this ‘precession-globe’ see H.4A14 11 890-92, with Figs. 79-80 on p- 1399 (for an error in 
Neugebauer’s account see p. 405 n.181). On the history of the star-globe in antiquity see Schlachter 
Der Globus. 
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circle we divide the ecliptic into the [conventional ] 360 degrees, and write by it 
the numbers at intervals of however many degrees seems convenient. Then we 
make, from a tough and unwarped'* material, two rings with rectangular 
cross-section, accurately turned on the lathe in all dimensions: one should be 
smaller {than the other], and fit closely to the globe on the whole of its inner 
surface, while the other should be a little larger than this. In the middle of the 
convex face of each ring we draw a line accurately bisecting its width. Using 
these lines as guides, we cut out!®! one of the latitudinal sections!®? defined by 
the line over half of the circumference, and divide [each of] the semi-circular 
recessed sections (thus created] into 180 degrees. When this is done, we take the 
smaller of the rings as the one which will always represent the circle through 
both poles, that of the equator and that of the ecliptic, and also through the 
solstitial points ([this circle runs] along the plane surface of the above- 
mentioned recessed section), and, boring holes through the middle of it at the 
diametrically opposite points at the ends of the recessed section, we attach it, by 
means of pins [through those holes], to the poles of the ecliptic which we took on 
the globe, in such a way that the ring can revolve freely over the whole spherical 
surface, 

Since it is not reasonable to mark the solstitial and equinoctial points on the 
actual zodiac of the globe (for the stars depicted [on the globe] do not retain a 
constant distance with respect to these points), we need to take some fixed 
starting-point in the delineated fixed stars. So we mark the brightest of them, 
namely the star m the mouth of Canis Major [Sirius], on the circle drawn at 
right angles to the ecliptic at the division forming the beginning of the 
graduation, at the distance in latitude from the ecliptic towards its south pole 
recorded [in the star catalogue]. Then, for each of the other fixed stars in the 
catalogue in order, we mark the position by rotating the ring with the 
graduated recessed face about the poles of the ecliptic: we turn the face of its 
recessed section to that point on the [globe’s] ecliptic which is the same distance 
from the beginning of the numbered graduation (at Sirius) as the star in 
question is from Sirius in the catalogue;'*’ then we go to that point on the 


180 e§tdvovu Kal tetTapévnc. The meaning of both adjectives is disputable. The context requires 
that the material (certainly wood, although bAn does not mean wood here, pace Manitit) be strong in 
‘the sense that it can be cut into thin strips and bored through. Cf. Heron, Belopoeica 94, ed. Marsden 
p.30,12, where the side-pieces of a catapult must be made & evtdvov EvdAov. eUTOVOG occurs 
frequently in that work, and is usually applied to sinews or elements requiring elastic strength (e.g. 
110, ibid. p.38,2; cf. Heron, Pneumatica, ed. Schmidt p. 200, where it is used of pieces of horn). But it 
seems improbable that Ptolemy means ‘flexible’ wood here and the meaning ‘rigidly strong’ is 
certain in one passage of Heron’s Mechanics, preserved in Pappus, Spnagoge VII, 1132, 6-14. 
tetapévnc means literally ‘stretched’. I know of no real parallel, but take it to be a synonym of 
dotparc¢, ‘unwarped’, found frequently in Theophrastus, Historia Plantarum, e.g. 5.2.1. 

1817. cut out along the central line so that half the width of the ving is removed for half the 
circumference of the ring. The purpose of this is that the graduated face may be flush with the 
surface of the globe, and coincide with a great circle. The result is depicted in HAMA Fig. 80A p. 
1399, lower part. Neugebauer is wrong (p. 891) in saying that the text implies the making of a 
central slit in the rings: he has been misled by Manitius’ translation. / 

182 Reading mAevpOv (with D) for mAevpac at H181,5. Corrected by Manitius. 

183 Since Sirius has in the catalogue (XX XVHI 1) the longitude I 173°, this means that one 
subtracts 77;40° from the catalogue longitudes. Wherever my translation has ‘Sirius’, Ptolemy has 
Kbov (‘the Dog’). Cf. p. 387 n.88. 
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graduated face which we have [thus] positioned which is, again, the same 
distance from the ecliptic as the star is in the catalogue, either towards the north 
or towards the south pole of the ecliptic as the particular case may be, and at 
that point we mark the position of the star; then we apply to it a spot of yellow 
colouring (or, for some stars, the colour they are noted [in the catalogue] as 
having), of a size appropriate to the magnitude of each star. 

As for the configurations of the shapes of the individual constellations, we 
make them as simple as possible, connecting the stars within the same figure 
only by lines, which moreover should not be very different in colour from the 
general background of the globe. The purpose of this is, [on the one hand], not 
to lose the advantages of this kind of pictorial description, and [on the other] not 
to destroy the resemblance of the image to the original by applying a variety of 
colours, but rather to make it easy for us to remember and compare when we 
actually come to examine {the starry heaven], since we will be accustomed to 
the unadorned appearance of the stars in their representation on the globe too. 

We also, then, mark the location of the Milky Way on [the globe], in 
accordance with its positions, arrangements, densities and gaps as described 
above. Then we attach the larger of the rings, which will always represent a 
meridian, to the smaller ring which fits around the globe, on poles coinciding 
with those of the equator. These points [the poles of the equator] are, in the case 
of the larger, meridian [ring], attached, again, at the diametrically opposite 
ends of the recessed and graduated face (which will represent the [section of the 


* meridian] above the earth); but in the case of the smaller ring, {which passes] 


through both poles, they will be fixed at the ends of the diametrically opposite 
arcs which stretch the 23;51° of the obliquity from each of the poles of the 
ecliptic. We leave small solid pieces in the recessed parts of the rings, to receive 
the bore-holes for the attachments [of the pins representing the poles]. 

Now the recessed face of the smaller of the rings must, clearly, always 
coincide with the meridian through the solstitial points. So on any occasion 
{when we want to use the globe], we set it to that point of the ecliptic graduation 
whose distance from the starting-point defined by Sirius is equal to the distance 
of Sirius from the summer solstice at the time in question (e.g. at the beginning 
of the reign of Antoninus, 123° in advance). Then we fix the meridian ring in 
position perpendicular to the horizon defined by the stand [of the globe ],'™ in 
such a way that it is bisected by the visible surface of the latter, but can be 
moved round in its own plane: this is in order that we may, for any particular 
application, raise the north pole from the horizon by the appropriate arc for the 
latitude in question, using the graduation of the meridian [to place the ring 
correctly |. 

We shall suffer no disadvantage from our inability to mark the equator and 
the solstitial points on the globe itself. For since the face of the meridian is 
graduated, the point between the poles of the equator which is 90° of the 
quadrant distant from both will be equivalent to points on the equator, while 
the points 23;51° distant from that point will be equivalent to points on the two 
solstitial circles, the one to the north to those on the summer solstitial circle, and 


'* This has not been described. For a schematic representation, with a suggestion for how the 
motion in the plane of the meridian may be achieved, see HAMA p.1399 Fig. 80C. 
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the one to the south to those on the winter solstitial circle. Thus, when any 
required star is rotated with the primary, east-to-west rotation to the graduated 
face of the meridian, we can again, by means of that same graduation, 
determine its distance from the equator or the solstitial circles, as measured on 
the great circle through the poles of the equator. 


4. {On the configurations particular to the fixed stars} 


Now that we have demonstrated the distinctive features of the pictorial 
representation of the fixed stars, it remains to discuss their configurations. The 
configurations involving the fixed stars, then, are, apart from those fixed 
configurations with respect to each other (e.g. such and such stars lie on a 
straight line, form a triangle, and the like), as follows: 
[1] those considered with respect to the planets, sun and moon, or the parts of 
the zodiac alone; 
[2] those considered with respect to the earth alone; 
{3] those considered with respect both to the earth and at the same time to the 
planets, sun and moon, or the parts of the zodiac. 

[1] Those configurations of the fixed stars with the planets and the parts of 
the zodiac alone which are accepted are 
{a] for ail stars in general, when fixed star and planet come to be on the same 
circle through the poles of the ecliptic, or on circles which are different, but at 
intervals [of a regular polygon] with three, four or six angles,'® i.e., which 
enclose an angle which is either a right angle or a third ofa right angle greater or 
less than a right angle; 
{b] for some stars in particular, those for which one of the planets can pass 
directly below it (these are the stars fixed in that narrow band! of the zodiac 
containing the latitudinal motions of the planets) - for these, [configurations ] 
with the five planets concern their apparent contacts'®’ or their occultations, 
and with the sun and moon, their last visibilities, conjunctions and first 
visibilities. We give the name ‘last visibility’ to the situation when a star falls 
within the rays of [one of] the luminaries and begins to become invisible; 
‘conjunction’, when it is covered by the centre of [one of] them;'*® and ‘first 
visibility’,!®° when it escapes their rays and begins to be visible. 


185 These are the relationships trine, quartile and sextile, commonly applied in astrology: see 
Bouché-Leclercq, e.g. 165-79. 

18 mpioua, literally ‘a sawn-out section’. This is probably the term that Ptolemy used for the 
‘drums’ containing the planetary models in Bk. II of his Planetary Hypotheses (preserved only in 
Arabic translation); see e.g. Op. Min. p. 113. The word has nothing to do with the geometrical 
‘prism’ here. 

187 KoA AT|oEIG. This is a technical term in astrology. It includes certain kinds of close approach, 
besides actual occultations. For details see Bouché-Leclercq 245, quoting Porphyrius. See also 
Vettius Valens, index p. 380, s.v. At Almagest IX 2 (H213,3), it appears to mean actual contact. 

188 Reading avt@v (with D) for abtod at H186, 13. 

1897 iterally ‘rising’ (Ex1toAn). For the planets Ptolemy uses the more appropriate word @doic. 
For an explanation of the full panoply of terms associated in traditional Greek astronomy with the 
risings and settings of stars see below pp. 409-10, and cf. Autolycus mepi énitoA@v I introduction 
(ed. Mogenet 214). 
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[2] The configurations of the fixed stars with the earth alone are four in 
number. The term applied by some people to all in common is ‘cardines’.'% 
Their individual titles are ‘ascendant’, ‘culmination above the earth’, ‘de- 
scendant’ and ‘culmination below the earth’.'?' Now in the region where the 
equator is in the zenith all the fixed stars rise and set and once in every 
revolution reach culmination above the earth, and once culmination below the 
earth; for in that situation the poles of the equator lie on the horizon, and do not 
make any of the parallel circles either always visible or always invisible. And in 
the regions where [one of] the poles is in the zenith, none of the fixed stars either 
rises or sets. For in that situation the equator assumes the position of the 
horizon, and one of the hemispheres into which it divides [the heavens] rotates 
always above the earth, while the other rotates always below the earth. Hence 
each star repeats the same type of culmination twice in one revolution, some 
reaching culmination above the earth twice, the others culmination below the 
earth twice. But at the other, intermediate, terrestrial latitudes, some of the 
[parallel] circles are always visible, and some always invisible; so the stars cut off 
between these and the poles neither rise nor set, and perform two culminations 
in each revolution; those stars in the region which is always visible [culminate 
twice] above the earth, and those in the region which is always invisible 
[culminate twice] below the earth. The remaining stars, which lie on parallels 
greater [than the always visible and invisible parallels], both rise and set, and 
culminate once above the earth and once below the earth in each revolution. 


‘For these stars the time [of travel] from any one of the cardines back to the same 


one is the same at every place: it comprises one revolution, to the senses.'”* The 
time from one cardine to the one diametrically opposite is the same at every place 
when one considers meridian [passage], since it comprises half a revolution. 
When one considers horizon [passage] it is again constant where the equator is 
in the zenith: each of the two intervals [from rising to setting and from setting to 
rising] comprises half a revolution, since in that case all the parallel circles are 
bisected, not only by the meridian, but also by the horizon. However, at all other 
terrestrial latitudes, if one takes separately the time spent above the earth and 
the time spent below the earth [by a star], neither is the same for all stars [at a 
given latitude]; nor is the time spent above the earth for any particular star 
equal to the time it spends below the earth, except for those stars which happen 
to lie precisely on the equator; for the latter is the only circle which is bisected by 
the horizon at sphaera obliqua too, whereas all the other [parallels] are divided 
[by the horizon] into arcs which are neither similar nor equal. Furthermore, in 
accordance with this, the time from rising or setting to one or other of the 
culminations is equal to the time from the same culmination to setting or rising, 
since the meridian bisects those segments of the parallels which are above and 
below the earth; but the times from rising or setting to the two [opposite] 
culminations are unequal at sphaera obliqua, but equal at sphaera recta, since only 


' xévtpa. The primary importance of these points is in astrology: see Bouché-}_eclercq 257-9. 


'! The two types of culmination are usually known in modern times as ‘upper’ and ‘lower’ 
culmination (see Introduction p. 19). I retain the literal terminology here for obvious reasons. 

' The qualification ‘to the senses’ is inserted because of precession (the effect of which is 
negligible over one daily revolution). 
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in the latter situation are the whole segments [of the parallel circles] above the 
earth equal to the segments below the earth.'%? Hence, for sphaera recta, 
[heavenly bodies] which culminate simultaneously always rise and set simul- 
taneously too (in so far as their motion about the poles of the ecliptic is 
imperceptible);'”* but, for sphaera obliqua, [heavenly bodies] which culminate 
simultaneously neither rise nor set simultaneously, but the more southerly ones 
always rise later and set sooner than the more northerly. 

[3] The accepted configurations of the fixed stars considered with respect to 
the earth and at the same time to the planets or the parts of the zodiac are: 
[a] in general, their risings, culminations or settings which are simultaneous 
with those of one of the planets or with some part of ihe zodiac; 

[b] in particular, their configurations with respect to the sun, which are of 9 
types. 

The first type of configuration is that called ‘dawn easterly’, when the star is 
on the eastern horizon together with the sun. One variety of this is called ‘dawn 
invisible later rising’, when the star, which is just at last visibility, rises 
immediately after the sun; another is called ‘dawn true simultaneous rising’, 
when the star arrives at the eastern horizon at precisely the same time as the sun; 
the third is called ‘dawn visible earlier rising’, when the star, which is just at first 
visibility, rises before the sun. 

The second type of configuration is that called ‘dawn culmination’, when the 
sun is on the eastern horizon while the star is at the meridian, either above or 
below the earth. Of this too there are varieties: one is called ‘dawn invisible later 
culmination’, when the star culminates immediately after sunrise; a second is 
called ‘dawn true simultaneous culmination’, when the star culminates at the 
same time as the sun rises; and the third is called ‘dawn earlier culmination’, 
when the star culminates immediately before sunrise. When the latter is a 
culmination above the earth it is visible. 

The third type of configuration 1s that called ‘dawn westerly’, when the sun is 
on the eastern horizon and the star on the western. This too has varieties: one is 
called ‘dawn invisible later setting’, when the star sets immediately after 


'95 @ second is called ‘dawn true simultaneous setting’, when the star sets 


sunrise; 
at exactly the same time as the sun rises; and the third 1s called ‘dawn visible 
earlier setting’, when the sun rises immediately after the star has set.'”° 

The fourth type of configuration is that called “meridian easterly’, when the 
sun is on the meridian and the star is on the eastern horizon. This too has 
varieties: one during the day and invisible, when the sun is culminating above 
the earth as the star is rising; the other during the night and visible, when the 
sun is culminating below the earth as the star is rising. 

The fifth type of configuration is that called ‘meridian culmination’, when 
sun and star both reach the meridian at the same time. This too has varieties: 


193 Tf @ is the time from rising to upper culmination, b from upper culmination to setting, c from 
setting to lower culmination, and d from lower culmination to rising, then a = b and c = d 
but (at sphaera obliqua) a * c and b # d. 
194 This implies that Ptolemy is thinking of planets as well as fixed stars. ~ 
195 Reading dvateiAavtog (with D) for dvatéAdovtos at H190,18. Corrected by Manitius. 
196 Reading Katadtvavtos (with D) for Katadbvovtog at H190,22. 
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two are during the day and invisible, when the sun is culminating above the 
earth and the star is either culminating above the earth together with the sun, or 
else culminating below the earth opposite it; and two are during the night, 
when the sun is culminating below the earth; of these one is invisible, when the 
star too culminates below the earth together with the sun, and the other is 
visible, when the star culminates above the earth opposite it. 

The sixth type of configuration is that called ‘meridian westerly’, when the 
sun is on the meridian and the star is on the western horizon. This too has 
varieties: one during the day and invisible, when the sun is culminating above 
the earth as the star is setting; the other during the night and visible, when the 
sun is culminating below the earth as the star is setting. 

The seventh type of configuration is that called ‘evening easterly’, when the 
sun is on the western horizon and the star on the eastern. This again has 
varieties: one is called ‘evening visible later rismg’, when the star rises 
immediately after the sun has set; another is called “evening true simultaneous 
rising’, when the star rises at the same time as the sun sets; the third is called 
‘evening invisible earlier rising’, when the sun sets immediately after the star 
has risen. 

The eighth type of configuration is that called ‘evening culmination’, when 
the sun is on the western horizon and the star is on the meridian either above or 
below the earth. This too has varieties: one is called “evening later culmination’, 


when the star culminates immediately after sunset (when the culmination 1s 
.197 


‘above the earth, this is visible);'°’ another is called ‘evening true simultaneous 


culmination’, when the star culminates at the same time as the sun sets; the 
third is called ‘evening invisible earlier culmination’, when the sun sets 
immediately after the star has culminated. 

The ninth type of configuration is that called ‘evening westerly’, when the 
star is on the western horizon together with the sun. This too has varieties: one is 
called ‘evening visible later setting’, when the star, just at last visibility, sets 
immediately after the sun; another is called ‘evening true simultaneous setting’, 
when the star sets at exactly the same time as the sun; and the third is called 
‘evening invisible earlier setting’, when the star, which is just at first visibility, 
sets [just] before the sun. 


5. {On simultaneous risings, culminations and settings of the fixed stars}'*® 


Given the above definitions, the times of the true simultaneous risings, 
culminations and settings, which are taken with respect to the sun’s centre, can 
be found by us immediately from the position of [the stars in question] in the 
delineation of the stars [on the solid globe], by purely geometrical methods. 
For the points on the ecliptic with which each fixed star simultaneously 


in Adopting the reading of D,Ar, which omits patvonevov at H192,19 and addsKxaito bnép yqv 
TOVTOV PALVOHEVOV yYivetat after pecovpavioy at H192,20. The text printed by Heiberg falsely 
implies that both upper and lower culminations are visible. 

'8 See HAMA 32-4, 39. 
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culminates, rises or sets can be derived geometrically by means of the theorems 
[already] established.!°° 

First, to demonstrate the simultaneous culminations, let [Fig. 8.1]?°° the 
circle through both poles, that of the equator and that of the ecliptic, be ABGD. 
Let AEG be a semi-circle of the equator about pole Z, and BED a semi-circle of 
the ecliptic about pole H. Draw through the poles of the ecliptic the great circle 
segment HOKL, and take on it point © as the required fixed star (for it is with 
respect to such circles [i.e. great circles through the poles of the ecliptic] that we 
have observed and recorded the positions of the fixed stars). Also, draw through 
the poles of the equator and the star at © the great circle segment ZOMN. 


Fig. 8.1 


Now it is obvious that the star at © culminates simultaneously with points M 
and N of the ecliptic and equator [respectively]. But these points, and arc ON, 
are given, as will be clear from the following considerations. From what we 
proved at the beginning of our treatise [I 13], since the [two] great circle arcs 
HL and NZ have been drawn to meet the two great circle arcs AH and AN, 
Crd arc 2HA:Crd arc 2AZ = 

(Crd arc 2HL:Crd arc 2L©).(Crd arc 2N@:Crd arc 2ZN). [M.T. I] 
But, immediately by hypothesis, each of the arcs AZ, ZN and HK are given as 
quadrants; from the catalogue, arc KO 1s given from the star’s latitude and arc 
KB from its longitude; and arc ZH and arc KL are given from the demonstrated 
obliquity of the ecliptic.?”’ Hence it is clear that, of the arcs in question, arc HA 
[ = arc AZ + arc ZH], arc AZ, arc HL [= arc HK + arc KL], arc LO 


Telos aeloand hd =o. 
200 Heiberg’s version of Fig. 8.1, derived from ms. A, is defective, since it contains a redundant 


point =. I follow the correct version in D,Ar. 
20l arc ZH = €, arc KL = 6 of point K. 
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[ = arc KL + arc KO] and also arc NZ are given. Hence the remaining arc, 
NO, will also be given. 

Again, since 

Crd arc 2ZH:Crd arc 2HA = 

(Crd arc 2Z©:Crd arc 2ON).(Crd arc 2NL:Crd arc 2LA), [M.T. I] 
and, by the above, of the arcs in question, arc ZH, arc HA, arc ZO [= arc ZN - 
arc N@] and arc ON are given, and arc LA is given from [the given] arc KB, by 
means of [the arcs of] the equator which rise together with{ those of] the ecliptic 
at sphaera recta, the remaining arc, NL, will also be given. Similarly [by means of 
the rising-times at sphaera recta] arc MB of the ecliptic will be given from are NA, 
the sum [of arc NL + are LA]. 

Moreover the points on the equator and ecliptic which rise or set 
simultaneously with a fixed star can readily be found by means of the 
simultaneous culminations, in the following manner. 

Let [Fig. 8.2] ABGD be a meridian, AEG a semi-circle of the equator about 
pole Z, and BED a semi-circle of the horizon. Let the star rise at point H of the 
horizon, and draw the great circle quadrant ZH© through points Z, H. 


Figs3:2 


Then again, since [two] great circle arcs ZO and EB have been drawn to meet 
two great circle arcs AZ and AE, 
Crd arc 2ZB:Crd arc 2BA = 

(Crd arc 2ZH:Crd arc 2HO).(Crd arc 2OE:Crd arc 2AE). [M.T. II] 

But, of the arcs in question, arc ZA, arc ZO and arc EA each comprise a 
quadrant, arc ZB [and hence arc BA = are ZA ~ arc ZB] is given from the 
elevation of the pole, and point © of the equator and arc @H [and hence 
arc HZ = arc ZO - arc OH] from the simultaneous culmination. Therefore 
the remaining [arc], OE, will be given. 

For the simultaneous settings, too, it can easily be seen that if we cut off an 
arc, OK, in advance of © equal to are OE, the star will set together with point K 
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of the equator. For in that situation the setting takes place on an arc [of the 
horizon measured from the meridian] equal to arc BH, and cuts off an angle in 
advance of the meridian equal to that enclosed to the rear [of it] by arc AZ and 
arc Z© in the present situation. 

Furthermore, from the arcs of the equator and ecliptic which rise and set 
together which we have computed for each clima [II 8], there will immediately 
be given that point on the ecliptic which rises together with point E of the 
equator and the star, and that point which sets together with point K and the 
star. It is clear that at the moment when the sun is exactly in those points of the 
ecliptic, there will come to pass the risings, culminations and settings of the fixed 
star [in question] taken with respect to the sun’s centre which are called ‘true 


simultaneous cardinal positions’ .?° 


6. {On first and last visibilities of the fixed stars}? 


However, in the case of the first and last visibilities [of the fixed stars], we find 
that the geometrical method expounded [above], using only their position [in 
latitude and longitude], is no longer adequate. For it is not possible*™ to find the 
size of the arc by which the sun must be removed below the horizon in order for 
a given star to have its first or last visibility by methods similar to the 
geometrical procedures by which, e.g., one demonstrates the point on the 
ecliptic with which that star rises. For that arc [the avcus visionis] cannot be the 
same for all stars nor the same for a given star at all places[on earth], but varies 
according to the magnitude of the star, its distance in latitude from the sun, and 
the change in the inclinations of the ecliptic [with respect to the horizon]. 
For if we imagine [Fig. 8.3] a meridian circle ABGD, a semi-circle of the 
ecliptic AEZG, and a semi-circle of the horizon BED about pole H, it is clear 
that, given a star rising simultaneously with point E of the ecliptic,”® ifa star of 
greater magnitude has its first visibility when the sun is at a distance of, e.g., arc 
EZ below the earth, a star of lesser magnitude, even one at an equal distance in 
latitude from the sun, will have its first visibility when the sun is at a greater 
distance than arc EZ, and [thus] the effect of its rays is weaker. Again, for stars of 
equal magnitude, if a star which is closer in latitude to point E has its first 
visibility at a distance [of the sun from the horizon] of arc EZ, a star which is 
farther than that [from point E in latitude] will have its first visibility at a lesser 
[solar] distance. For, given the same distance of the sun below the horizon, the 
rays in the vicinity of the ecliptic and of the sun itself are denser*’? than those 


22 gpyKevtpwoets, cf. p. 408 n.190, on Kévtpa. 

203 See HAMA II 927-8. F 

204 Reading dvvatov €ivat with the mss. at H198,18. Heiberg deletes ivan, since one expects an 
indicative verb. But for the infinitive after words like éme151) in oratio obliqua see Kithner-Gerth II 
551, quoting Xenophon, Mem. 1.2.13, @0atpale. . .Enei kai tovc péylotov ppovovvtac ob tabta 
S0EaCew GAANAotc. 

205 Ptolemy says ‘of those stars which rise simultaneously with point E’. However, he does not 
mean to compare a number of stars rising simultaneously with some fixed point of the ecliptic; for 
that would not allow the third situation envisaged, in which two different stars with the same 
latitude cross the horizon together with point E, and the angle at E is different in the two cases. 

206 F iterally ‘more numerous’. 
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H 


Fig. 8.3 


farther away. [Finally], in the case of the stars of equal magnitude which rise at 

equal distances in latitude {from the sun], the more the ecliptic is inclined to the 

horizon, [thus] making angle DEZ smaller, the greater the [solar] distance EZ 
“at which the star will have its first visibility. 

For if, as in the following figure [Fig. 8.4], we also draw in the semi-circle 
H@ZK through the poles of the horizon and the sun at Z,”°’ which will, 
obviously, be perpendicular to the horizon, the [vertical] distance of the sun 
below the earth will always remain equal to ZO for the same star, since, for an 
equal interval so taken, the [effect of] the rays above the earth will be similar; 
but ifarc OZ is kept constant, arc EZ will, as we said, become less as the ecliptic 
is raised more towards a perpendicular position, and greater as it is more 
inclined*® [to the horizon]. 

Therefore we need observations for each individual fixed star in order to 
determine the [required] distance of the sun below the earth as measured along 
the ecliptic. And if even the distance vertical to the horizon (for instance, in the 
present figure [8.4], ZO) does not remain the same for the same stars at all 
locations on earth, because the rays of similar density do not have the same 
obscuring effect”’? in the thicker air of the more northerly terrestrial latitudes, 
we will need observations, not merely at one terrestrial latitude, but at each of 
the others alike. However, if the arc corresponding to ZO remains constant 
everywhere on earth for the same stars (as seems likely, since the fixed stars too 
must be aflected by the variation in the atmosphere in the same way as the rays 
are), the distances observed at a single terrestrial latitude will suffice us to 
determine those at the other latitudes: [we can do this] by geometrical methods, 


°°” Taking the reading of D at H200, 6, toD kata 16 Z (for t6 Katé 16 Z), and at H200,7, HOZK 
(also in Ar) for OZK. Corrected by Manitius. 
208 Reading éyKAtvopévov (with D) for KexAtpévou at H200,13. 
*** cataddpmetv, ‘shine on so as to obscure’. See p. 470 n.8. 
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whether the variation in the inclination of the ecliptic is due to the terrestrial 
location or to the demonstrated motion of the sphere of the fixed stars towards 
the rear with respect to it [the ecliptic]. 

[ To show this], in the figure described (Fig. 8.4], let the distance EZ be given 
from an observation at any one terrestrial latitude whatever. Then since, again, 
the [two great circle arcs] BO and ZA have been drawn to meet the two great 
circle arcs HB and HZ, 

Crd arc 2AB:Crd arc 2BH = 

(Crd are 2AE:Crd arc 2EZ).(Crd arc 2Z@:Crd arc 2OH). [M.T. IT] 
But, of the arcs in question, arc BH and arc QOH are immediately [given, being] 
each a quadrant; and since point E, with which the star rises, is given by 
hypothesis, A, the culminating point, is also given, by means of the section on 
rising-times [II 9, p. 104]: thus arc AE too is given by this means, and arc EZ by 
the observation; and arc AH too [and hence arc AB = arc BH - arc AH] is 
given, being derived from the distance of point A from the equator (which is 
given from the Table of Inclination [[ 15]) and from the distance of the equator 
from the zenith along the same meridian (which equals the elevation of the 
pole). Therefore the remaining [arc], ZO, will be given: 

Once this [arc ZO] has been found, and provided that it remains the same for 
all locations, we can use it to derive the amounts of arc EZ at [all] other 
terrestrial latitudes from the same considerations. For again [in Fig. 8.4] 
Crd arc 2HB:Crd 2AB = 

(Crd arc 2HO:Crd arc 2ZO).(Crd arc 2ZE:Crd arc 2EA). [M.T. II] 
And, of the arcs in question, arc ZO is now given by hypothesis; and since E, the 
point which rises together with the star at the terrestrial latitude in question, is 
given by the procedure demonstrated above [VII 5 p. 412], and similarly arcs 
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EA and BA are given,”!° the remaining arc, which is arc EZ of the ecliptic, is 
also given. 

We shall take the same method of operation for granted for the last 
visibilities, which occur near the setting-point. Practically the only difference 
will be that in the same figure [Fig. 8.4] the ecliptic will be drawn on the other 
side [of BED], in accordance with the way it is inclined when the horizon [arc] 
BD is taken as the western part [see Fig. N]. 


H 


K 


Fig. N 


We think that the above suffices as an indication of the methods in this type of 
theoretical investigation, enough [at least}so that it cannot be said that we have 
neglected this topic. However, seeing that the computation of this kind of 
prediction is of great complexity, not only because of the great number of 
different terrestrial latitudes and inclinations of the ecliptic involved, but also 
because of the sheer multitude of the fixed stars; seeing, too, that, in respect of 
the actual observations of the phases*!! it is laborious and uncertain, since 
[differences between] the observers themselves and the atmosphere in the 
regions of observation can produce variation in and doubt about the time of the 
first suspected occurrence, as has become clear, to me at least, from my own 
experience and from the disagreements in this kind of observations; seeing, 
furthermore, that because of the motion [through the ecliptic] of the sphere of 


*"° As before, (p. 415), from E, the horoscope, we find A, the culminating point, by the procedure 
II 9 (p. 104). Thus we have arc EA. arc AB = arc BH - arc AH, where arc BH = 90° and 
arc AH =@ — 6 (A). 

“Reading kat’ abtac THv PaoEwV Tproetc, with D, at H203,14, ice. taking it as following 
évexev and understanding tob before épywdéc te Elvan. Heiberg prints TO Kat’ avTac Tas TOV (TOV) 
GOTEPOV PAGEWV THPHOEtC, presumably understanding napa before it, but this is very harsh. By 
phases (pdioetc) Ptolemy means here both first and last visibilities. 
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the fixed stars, even for the individual terrestrial latitudes the simultaneous 
risings, culminations and settings cannot remain forever identical with the 
present ones, which would take such a vast amount of numerical and 
geometrical computations to calculate, we have decided to dispense with sucha 
time-consuming operation. For the time being we content ourselves with the 
approximate [phases] which can be derived either from?! earlier records?”? or 
from actual manipulation of the [star-]globe for any particular star. Moreover, 
we notice that the prognostications concerning the states of the atmosphere 
derived from first or last visibilities (if indeed one assigns these as the cause [of 
changes in the weather], and not rather the positions [of the sun] in the ecliptic), 
are almost always approximations, and do not exhibit a perfect regularity and 
invariability: it seems that this causal factor has only general application, and 
derives its strength, not so much from the actual times of the first or last 
visibility, as from the configurations with respect to the sun, taken as intervals in 
round numbers, and, in part, the inclinations”!* 
configurations. 


of the moon at those 


212 Reading &n0, with D, for ax’ abtOv at H204,3. 

213 Tn his later work, Phaseis, of which only Bk. II is preserved, Ptolemy lists many of these. 

214 npooveboetc. From the Tetrabiblos (II 13, ed. Boll-Boer 100,7—9) it appears that Ptolemy 
means the direction (‘wind’) towards which the moon ‘points’ in its motion in [argument of] 
latitude. But see also ibid. II 14,5 (ed. Boll-Boer 102,2-3) where it seems to be the direction towards 
which the sickle or gibbous moon points. 


H204 


Book IX 


1. {On the order of the spheres of sun, moon and the 5 planets} 


Such, then, more or less, is the sum total of the chief topics one may mention as 
having to do with the fixed stars, in so far as the phenomena [observed] up to 
now provide the means of progress in our understanding. There remains, to 
[complete] our treatise, the treatment of the five planets. To avoid repetition we 
shall, as far as possible, explain the theory of the latter by means of an exposition 
common [to all five], treating each of the methods [for all planets] together. 

First, then, [to discuss] the order of their spheres, which are all situated [ with 
their poles] nearly coinciding with the poles of the inclined, ecliptic circle: we 
see that almost all the foremost astronomers agree that all the spheres are closer 
to the earth than that of the fixed stars, and farther from the earth than that of 
the moon, and that those of the three [outer planets] are farther from the earth 
than those of the other [two] and the sun, Saturn’s being greatest, Jupiter’s the 
next in order towards the earth, and Mars’ below that. But concerning the 
spheres of Venus and Mercury, we see that they are placed below the sun’s by 
the more ancient astronomers, but by some of their successors these too are placed 
above [the sun’s],' for the reason that the sun has never been obscured by them 
[Venus and Mercury] either. To us, however, such a criterion seems to have an 
element of uncertainty, since it is possible that some planets might indeed be 
below the sun, but nevertheless not always be in one of the planes through the 
sun and our viewpoint, but in another | plane], and hence might not be seen 
passing in front of it, just as in the case of the moon, when it passes below [the 
sun] at conjunction, no obscuration results in most cases.* 

And since there is no other way, either, to make progress in our knowledge of 
this matter, since none of the stars has a noticeable parallax (which is the only 
phenomenon from which the distances can be derived), the order assumed by 
the older [astronomers] appears the more plausible. For, by putting the sun in 
the middle, it is more in accordance with the nature [of the bodies] in thus 


' There is a good deal of evidence for the identity of some of those who held the second opinion, 
including Plato, Eratosthenes and Archimedes. For details on this and other ancient arrangements 
see HAMA I 690-3. 

21. no transits of Venus or Mercury had been observed. Neugebauer has shown (HAMA 227-30) 
that transits are in fact predictable from Ptolemy’s own theory. Ptolemy later seems to have realized 
this, for in the Planetary Hypotheses (ed. Goldstein 2,28, 10-12) he says: “ifa body of such small size (as 
a planet) were to occult a body of such large size and with so much light (as the sun), it would 
necessarily be imperceptible, because of the smallness of the occulting body and the state of the parts 
of the sun’s body which remain uncovered.’ (Goldstein’s translation here, p.6, is inaccurate). 

3 This includes both fixed stars and planets. 
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separating those which reach all possible distances trom the sun and those 
which do not do so, but always move in its vicinity; provided only that it does 
not remove the latter close enough to the earth that there can result a parallax of 
any size.* 


2. {On our purpose in the hypotheses of the planets} 


So much, then, for the arrangements of the spheres. Now it is our purpose to 
demonstrate for the five planets, just as we did for the sun and moon, that all 
their apparent anomalies can be represented by uniform circular motions, since 
these are proper to the nature of divine beings, while disorder and non- 
uniformity are alien [to such beings]. Then it is right that we should think 
success in such a purpose a great thing, and truly the proper end of the 
mathematical part of theoretical philosophy.” But, on many grounds, we must 
think that it is difficult, and that there is good reason why no-one before us has 
yet succeeded in it.” For, [firstly], in investigations of the periodic motions of a 
planet, the possible [inaccuracy] resulting from comparison of [two] obser- 
vations (at each of which the observer may have committed a small 
observational error) will, when accumulated over a continuous period, produce 
a noticeable difference [from the true state] sooner when the interval {between 
the observations] over which the examination is made is shorter, and less soon 
when it is longer. But we have records of planetary observations only from a 
time which is recent in comparison with such a vast enterprise: this makes 
prediction for a time many times greater [than the interval for which 
observations are available] insecure. [Secondly], in investigation of the 
anomalies, considerable confusion stems from the fact that it is apparent that 
each planet exhibits two anomalies, which are moreover unequal both in their 
amount and in the periods of their return: one [return] 1s observed to be related 
to the sun, the other to the position in the ecliptic; but both anomalies are 
continuously combined, whence it is difficult to distinguish the characteristics 
of each individually. [It is] also [confusing] that most of the ancient [planetary] 
observations have been recorded in a way which is difficult to evaluate, and 
crude. For [1] the more continuous series of observations concern stations and 
phases [i.e. first and last visibilities].’ But detection of both of these particular 


*In his Planetary Hypotheses (see Goldstein’s edition) Ptolemy proposes a system in which the 
spheres of the planets are contiguous; thus the greatest distance from the earth attained by a planet 
is equal to the least distance attained by the one next in order outwards. This appears to provide 
support for the order he adopts here, since it results in a solar distance very nearly the same as that 
obtained by a different method in Almagest V 15. Since this system also brings Mercury, at its least 
distance, to the moon’s greatest distance (64 earth-radii), Mercury ought to exhibit a considerable 
parallax, contrary to what is enunciated here. 

"Gti 35: 

*We cannot doubt that not only planetary theories but planetary tables had been constructed 
before Ptolemy: the proof is supplied by Indian astronomy, which is based on Greek theories which 
are largely, if not entirely, pre-Ptolemaic, and indeed by Ptolemy’s own reference to the ‘Aeon- 
tables’ helow (p. 422). What he means is that all previous efforts were, by his criteria, 
unsatisfactory 

’ Ptolemy is certainly thinking of the Babylonian planetary observations, which are characteristi- 
cally of this type. They have become available to us through the ‘diaries’ (see Sachs{2]), but to 
Ptolemy were probably known only through Hipparchus’ compilation (see p. 421). 
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phenomena is fraught with uncertainty: stations cannot be fixed at an exact 
moment, since the local motion of the planet for several days both before and 
after the actual station is too small to be observable; in the case of the phases, not 
only do the places [in which the planets are located] immediately become 
invisible together with the bodies which are undergoing their first or last 
visibility, but the times too can be in error, both because of atmospherical 
differences and because of differences in the [sharpness of] vision of the observers. 
[2] In general, observations [of planets] with respect to one of the fixed stars, 
when taken over a comparatively great distance, involve difficult computations 
and an element of guesswork in the quantity measured, unless one carries them 
out ina manner which is thoroughly competent and knowledgeable. This is not 
only because the lines joining the observed stars do not always form right angles 
with the ecliptic, but may form an angle of any size (hence one may expect 
considerable error in determining the position in latitude and longitude, due to 
the varying inclination of the ecliptic [to the horizon frame of reference]); but 
also because the same interval [between star and planet] appears to the observer 
as greater near the horizon, and less near mid-heaven;® hence, obviously, the 
interval in question can be measured as at one time greater, at another less than 
it is in reality. 

Hence it was, I think, that Hipparchus, being a great lover of truth, for all the 
above reasons, and especially because he did not yet have in his possession such 
a groundwork of resources in the form of accurate observations from earlier 
times as he himself has provided to us,’ although he investigated the theories of 
the sun and moon, and, to the best of his ability, demonstrated with every 
means at his command that they are represented by uniform circular motions, 
did not even make a beginning in establishing theories for the five planets, not at 
least in his writings which have come down to us.'° All that he did was to make a 
compilation of the planetary observations arranged ina more useful way,’' and 
to show by means of these that the phenomena were not in agreement with the 
hypotheses of the astronomers of that time. For, we may presume, he thought 
that one must not only show that each planet has a twofold anomaly, or that 
each planet has retrograde arcs which are not constant, and are of such and 
such sizes (whereas the other astronomers had constructed their geometrical 
proofs on the basis of a single unvarying anomaly and retrograde arc); nor[that 
it was sufficient to show] that these anomalies can in fact be represented either 


8 This appears to be the only reference to the effect of refraction (if that is what it is) in the 
Almagest, despite its obvious relevance e.g. to the observations of Mercury’s greatest elongations in 
IX 7. Ptolemy discusses it (as a theoretical problem) in some detail in Optics V 23-30 (ed. Lejeune 
237-42). 

9This seems to imply that Hipparchus recorded planetary observations of his own, which 
Ptolemy used to establish his theories. This may be true, but it is strange that Ptolemy cites not a 
single such observation by Hipparchus. Could Ptolemy mean merely that Hipparchus had not ‘yet’ 
assembled the compilation of earlier planetary observations which he mentions just below? 

10 The circulation of books in antiquity was so fortuitous that, even for one, like Ptolemy, who had 
access to the great resources of the libraries at Alexandria, this was a necessary caveal. 

1] have little doubt that all the older planetary observations cited in the Almagest are derived 
from this compilation (cf. p. 452 n.66), and that part of Hipparchus’ ‘rearrangement’ was to give 
their dates in the Egyptian calendar. For a similar service he rendered for the listing of lunar eclipses 
see HAMA 320-21. 
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by means of eccentric circles or by circles concentric with the ecliptic, and 
carrying epicycles, or even by combining both, the ecliptic anomaly being of 
such and such a size, and the synodic anomaly of such and such (for these 
representations have been employed by almost all those who tried to exhibit the 
uniform circular motion by means of the so-called ‘Aeon-tables’,'? but their 
attempts were faulty and at the same time lacked proofs: some of them did not 
achieve their object at all, the others only to a limited extent); but, [we may 
presume], he reckoned that one who has reached such a pitch of accuracy and 
love of truth throughout the mathematical sciences will not be content to stop at 
the above point, like the others who did not care [about the imperfections]; 
rather, that anyone who was to convince himself and his future audience must 
demonstrate the size and the period of each of the two anomalies by means of 
well-attested phenomena which everyone agrees on, must then combine both 
anomalies, and discover the position and order of the circles by which they are 
brought about, and the type of their motion; and finally must make practically 
all the phenomena fit the particular character of the arrangement of circles in 
his hypothesis. And this, I suspect, appeared difficult even to him. 

The point of the above remarks was not to boast [of our own achievement]. 
Rather, if we are at any point compelled by the nature of our subject to use a 
procedure not in strict accordance with theory (for instance, when we carry out 
proofs using without further qualification the circles’? described in the 
planetary spheres by the movement [of the body, 1.e.] assuming that these 
circles lie in the plane of the ecliptic,'* to simplify the course of the proof); or [if 
we are compelled] to make some basic assumptions which we arrived at not 
from some readily apparent principle, but from a long period of trial and 
application,’° or to assume a type of motion or inclination of the circles which is 
not the same and unchanged for all planets;'® we may [be allowed to] accede 
[to this compulsion], since we know that this kind of inexact procedure will not 
affect the end desired, provided that it is not going to result in any noticeable 
error; and we know too that assumptions made without proof, provided only 
that they are found to be in agreement with the phenomena, could not have 
been found without some careful methodological procedure, even if it is difficult 


81d thc KaAovpévys aiwviov kavovorotiag. In my opinion, Ptolemy is referring tova type of 
work in which the mean motions of the planets were represented by integer numbers of revolutions 
in some huge period, in which they all return to the beginning of the zodiac, and the planetary 
equations were calculated by a combination of epicycles or of eccentre and epicycle which was not 
reducible to a geometrically consistent kinematic model, i.e. to a class of Greek works which were 
the ancestors of the Indian siddhantas. In this | am in agreement with van der Waerden, ‘Ewige 
Tafeln’, except that I believe that the aidv implied by the title of these tables does not mean 
‘eternity’ (cf. the conventional translation, ‘Eternal Tables’, which is philologically possible, but 
not necessary), but refers to the immense common period in which the planets return (cf. the Greek 
inscription of Keskinto, HAMA 698-705, and the Indian Mahayuga). The other two references to 
these tables in antiquity (P. Lond. 130, see Neugebauer-van Hoesen, Greek Horoscopes p. 21, 112-13, 
and Vettius Valens VI 1, ed. Kroll 243,8) are consistent with, but do not require, this 
interpretation. 

'S Literally ‘as if the circles were bare [circles]. 

'* Ptolemy in fact carries out all the proofs involving the longitudinal motions of the planets (in 
Bks. IX-XI]I) as if the motions lay in the plane of the ecliptic. 

'° The paradigm case of this is the introduction of the equant. 

'®E.g. the special model for the longitudinal motions of Mercury, or the special inclinations 
attributed to the inner planets for their latitudinal motions. 
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to explain how one came to conceive them (for, in general, the cause of first 
principles is, by nature, either non-existent or hard to describe); we know, 
finally, that some variety in the type of hypotheses associated with the circles [of 
the planets] cannot plausibly be considered strange or contrary to reason 
(especially since the phenomena exhibited by the actual planets are not alike 
[for all]); for, when uniform circular motion is preserved for all without 
exception, the individual phenomena are demonstrated in accordance with a 
principle which is more basic and more generally applicable than that of 
similarity of the hypotheses [for all planets]. 

The observations which we use for the various demonstrations are those 
which are most likely to be reliable, namely {1} those in which there is observed 
actual contact or very close approach to a star or the moon, and especially [2] 
those made by means of the astrolabe instruments. | In these] the observer’s line 
of vision is directed, as it were, by means of the sighting-holes on opposite sides 
of the rings, thus observing equal distances as equal arcs in all directions, and 
can accurately determine the position of the planet in question in latitude and 
longitude with respect to the ecliptic, by moving the ecliptic ring on the 
astrolabe, and the diametrically opposite sighting-holes on the rings!’ through 
the poles of the ecliptic, into alignment with the object observed. 


3. {On the periodic returns of the five planetst'® 


Now that we have completed the above discussion, we will first set out, for each 
of the 5 planets, the smallest period in which it makes an approximate return in 
both anomalies, as computed by Hipparchus.'” These [periods] have been 
corrected by us, on the basis of the comparison of their positions which became 
possible after we had demonstrated their anomalies, as we shall explain at that 
point.~” However, we anticipate and put them here, soas to have the individual 
mean motions in longitude and anomaly set out in a convenient form for the 
calculations of the anomalies. But it would in fact make no noticeable difference 
in those calculations"! even if one used more roughly computed mean positions. 


17 It is not clear why the plural (‘rings’) is used (contrast the singular at V 1, H354,13). Although 
the sights are attached only to ring | in Fig. F (p. 218). Ptolemy is presumably referring to both 
ring | and ring 2, since ring 2 has first to be moved to the correct sighting position on the ecliptic 
ring (no. 3). 

18 See HAMA 150-2, Pedersen (270) has fallen into some confusion about Ptolemy’s procedure: 
see Toomer[3] 144-5. 

'9 If Ptolemy means, as we may presume, that the periods ‘computed by Hipparchus’ are the 
relationships in integers, ‘57 returns in anomaly correspond to 59 years and 2 revolutions in 
longitude’. etc., then he seems ignorant of the fact that these are well-known (to us) Babylonian 
period relationships (for details see HAMA 15}). 

20 This is a reference to the chapters on the ‘corrections of the mean motions’, IX 10, X 4, X9, XI 
3 and X17. The ‘comparison’ refers to the use in these chapters of fzvo positions, separated by a long 
time-interval, to derive the mean motions. On the problem of the actual derivation of the 
corrections given here, and of the mean motions, see Appendix C. o : 

21 Ptolemy means that where he uses the mean motions in determining the eccentricity (e.g. X 7 
p. 484) over the short periods involved (a few years) one could use quite crude parameters (e.g. the 
mean motions given by the uncorrected Babylonian periods) without seriously affecting the final 
result. He is right (see p. 484 n.33). The corrected mean motions are given here merely for 
convenience. Cf. the procedure for the lunar mean motion table, p. 179. 
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As a general definition, we mean by ‘motion in longitude’ the motion of the 
centre of the epicycle around the eccentre, and by ‘anomaly’ the motion of the 
body around the epicycle. 

We find, then, that 
[1] for Saturn, 57 returns in anomaly correspond to 59 solar years (as defined 
by us, i.e. returns to the same solstice or equinox), plus about 14 days, and to 2 
revolutions [in longitude] plus 1;43° (for in the case of the 3 planets which are 
always overtaken by the sun”” the number of revolutions of the sun during the 
period of return is always, for each of them, the sum of the number of 
revolutions in longitude and the number of returns in anomaly of the planet); 
{2] for Jupiter, 65 returns in anomaly correspond to 7] solar years (defined as 
above) less about 474 days, and to6 revolutions of the planet from a solstice back 
to the same solstice, less 48°; 

[3] for Mars, 37 returns in anomaly correspond to 79 solar years (as defined by 
us) plus about 3;13 days,” and to 42 revolutions of the planet from a solstice 
back to the same solstice, plus 36°: 

[4] for Venus, 5 returns in anomaly correspond to 8 solar years (as defined by 
us) less about 2;18 days,”* and to a number of [longitudinal] revolutions of the 
planet equal to that of the sun, 8, less 230. 

[5] for Mercury, 145 returns in anomaly correspond to 46 of the same kind of 
years plus about 135 days, and to a number of [longitudinal] revolutions which 
is, again, equal to that of the sun, 46, plus 1°. 

But if, for each planet, we reduce the period of return to days, in accordance 
with the length of the year as demonstrated by us, and the number of returns in 
anomaly to degrees according to the system in which a circle contains 360°, 
we will get: 

for Saturn, 21551;18° and 20520° of anomaly 

for Jupiter, 25927;37° and 23400°% of anomaly 

for Mars, 28857;43°2 and 13320° of anomaly 

for Venus, 2919;40° and 1800° of anomaly 

for Mercury, 16802;24°?’ and 52200° of anomaly. 

So we divide the degrees of anomaly proper to each by the appropriate 
number of days, and get the following for the approximate mean daily motions 
in anomaly:”° 

Saturn 0;57,7,43,41,43,40° 

Jupiter 0;54,9,2,46,26,0° 


2 repixkatarapBavopéveyv. Cf. mepikatadnwic HI 24,13. This feature distinguishes the three 
outer planets from the two inner ones, since the latter (usually) overtake the sun. 

*3 Expressed by Ptolemy as 3 + é + 30. 

** Expressed by Ptolemy as 2 +4 + 30. 

** Reading yu, with D!,Ar, for Sv (27400) at H216,1. Corrected by Manitius. 

*° Reading pry for Vy (53) at H216,2. Multiplying the Ptolemaic length of the year, 365;14,48", by 
79 and adding 3;13 produces 28857;42,12, of which 28857;43 is the rounding. The ms. tradition is 
solid for 53, but nothing in the previous or subsequent calculations favours it. 

77 Precise calculation (cf. n.26) gives 16802;22,48. Possibly we should change 1 36 days (above) to 
135 days (reading x’ for 4° at H215,11). 

*® For the problem of precisely how Ptolemy arrives at the parameters he gives for the planetary 
mean motions, which is not as simple as it appears here, see Appendix C. 
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Mars 0;27,41,40,19,20,58° 
Venus 250,99,25.53 1d 28° 
Mercury 3;6,24,6,59,35,50°. 


1 . : 4 
For each of these we take 34th to get the following mean hourly motions in 
anomaly: 


Saturn 0;2,22,49,19,14,19,10° 
Jupiter 0:2;15,22,36.56.5° 
Mars 0;1,9,14,10,48,22,25° 
Venus 0;1,32,28,34,42,58,40° 
Mercury 0;7,46,0,17,28,59,35°. 


Then we multiply the daily motion of each by 30 to get the following mean 
monthly motions in anomaly: 


Saturn 2060, 000550, 0° 
Jupiter 2154,51 29,13. 0,0° 
Mars 13:50,50,9,40,29,0° 
Venus 18,29,42,56,35,44,0° 
Mercury 93;12,3,29,47,55,0°. 


Similarly, we multiply the daily motions by 365, the number of days in one 
Egyptian year, to get the following mean yearly motions in anomaly: 


Saturn 347;32,0,48,50,38,20° 

Jupiter $29;25,1 ,52,28,10,6° 

Mars 168;28,30,17,42,32,50° 

Venus 2250552, 28534-39550" 

Mercury 53;56,42,32,32,59,10° (increment[overcomplete circles]). 


In the same way, we multiply each of the annual motions by 18 (just as we did 
in the construction of tables for the luminaries), to get the following increments 
in mean anomaly for the period of 18 Egyptian years: 


Saturn 135;36,14,39,11,30,0° 
Jupiter 169;30,33,44,27,0,0° 
Mars ¥9255915018:45,51,0° 
Venus 90;27 ,44,34,23,46,30° 
Mercury 251;0,45,45,53,45,0°. 


We can also find the mean motions in longitude corresponding to the above 
without reducing the number of [longitudinal] revolutions to degrees and 
dividing them by [the number of days in] the period set out above for each 
planet. For Venus and in Mercury, it is obvious that we can do this by taking 
the same mean motions as we set out previously for the sun; for the other three 
planets, by taking the difference between the [mean motion in] anomaly and the 
corresponding solar [mean] motion for each individual entry.*? By this method 
we get the following mean motions in longitude: 


29 This corresponds to a mean daily motion of 0;36,59,25,53,11,27°, i.e. one less in the last place 
than that given above. Thus the mean motion table of Venus is based on different parameters in 
different parts: on 28 in the last place for hours, days and months, and on 27 in the last place for 
years and 18-year periods. On the possible significance of this see Appendix C p. 671 n.11. 

3° Venus and Mercury have the same mean motion in longitude as the sun. For the other planets, 
for any length of time, the sum of anomaly and mean motion equals the sun’s mean motion, because 
of the relationship stated at p. 424. 
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Daily: 

Saturn 0:7.0,33551, 28.517 

Jupiter 0;4,59, 14,26,46,31° 

Mars 0231926, 36,53-51033". 
Hourly: 

Saturn 0;0,5,1,23,48,42,7;30° 

Jupiter 0;0,12,28,6,6,56,17,30° 

Mars 0:1,18,36,32,14,38,52,30°.°) 
Monthly: 

Saturn 1;0,16,45,44,25,30° 

Jupiter 2:29 37,13, 2505p" 

Mars 15;43,18,26,55,46,30°. 
Yearly: 

Saturn 12:13,23.563000, 15" 

Jupiter 30;20,22,52,52,58,35°32 

Mars 191;16,54,27 3833543". 
For 18 years: 

Saturn 220;1,10,57,9,4,30° in mean motion 

Jupiter 


i increment [over 
Mars 203;4,20, 17,34,43,30° | complete circles]. 

So once again, for the user’s convenience, we shall set out, for each of the planets 
in order, tables of the above mean motions derived by successive summation [of 
the motions for the appropriate time-interval]. Like the other [mean motion 
tables], these will be in 45 lines and 3 sections: the first section will contain the 
entries (obtained by successive summation) for the 18-year periods; the second 
will contain those for the years and hours, and the third those for the months 
and days. 

The tables are as follows. 


H220-49 4. { Tables of the mean motions in longitude and anomaly of the five planets}°? 


H250 


[See pp. 427-41.] 


5. {Preliminary notions [necessary] for the hypotheses of the 5 planets}°* 


Now that these [mean motions] have been tabulated, our next task is to discuss 
the anomalies which occur in connection with the longitudinal positions of the 
five planets. The way we have approached it, to give the general outlines, is as 
follows. 


*' Reading An vB A (38.52.30) for X0 (39) at H219,2, with D,Ar. Although the figure is rounded to 
39 in the table, there is no reason why it should be (for Mars alone) here. 
*° Reading vB vn A€ for vB An Ke (52,38,35) at H219,7, with D,Ar. Corrected by Manitius. 
*8 Corrections to Heiberg: 
H235,24 (Mars, longitude, 3", last place) read vc for ¢ (6). Misprint. 
H238,3 (Venus, epoch in longitude) read o ffé for fie (45°), with D2. 
Corrected by Manitius, but this is not (pace Manitii) a misprint in Heiberg. 
*#On chs. 5 and 6 see HAMA 149-50. 
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[Epoch] Position in 
[Epoch] Position in [Mean] Anomaly : 34,2° 
Longitude : Yp26;43° [Epoch] Position of Apogee : m 14;10° 
Longitude Anomaly 
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Saturn : Saturn 
Longitude Anomaly 
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IX 4. Jupiter’s mean motion tables 


[Epoch] Position in 
[Epoch] Position in [Mean] Anomaly : 146;4° 
Longitude : ++4;41° {Epoch] Position of Apogee : m2;9° 
Longitude Anomaly 
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Jupiter Jupiter 
Longitude 


S202 2D 


oce | co oloaco; osc) coco cS 


oS 
fo} 


] 0° 0 
2 0 0 
3 0 0 
4 0 0 
5 0 ] 
6 0 1 
7 0 I 
8 0 l 
9 0 i 
10 0 Z 
1] 0 2 
12 0 2 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


ee 
>| mob oO 
ooo 


(SS) || ee |S aS) 


> PP PP CO] GC G3 GO} OO PS DO 


moo IX 4. Fupiter’s mean motion tables 


Jupiter Jupiter 
Longitude Anomaly 
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[Epoch] Position in 
[Epoch] Position in [Mean] Anomaly : 327;13° 


433 


Longitude : P 3;32° [Epoch] Position of Apogee : > 16;40° 


Longitude Anomaly 
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Mars 
Anomaly 
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Mars 
Longitude 


Mars 
Anomaly 
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Venus [Epoch] Position in 

[Epoch] Position in [Mean] © Anomaly : 71;7° 
18-Year Longitude : 3€ 0;45° [Epoch] Position of Apogee : 8 16;10° 
Periods Longitude Anomaly 
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Venus Venus 
Longitude Anomaly 
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IX 4. Venus’ mean motion tables 


Venus 
Months Longitude 
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[Epoch] Position in 
[Epoch] Position in [Mean] Anomaly: 21;55° 
Longitude : } 0;45° [Epoch] Position of Apogee : = 1,;10° 
Longitude Anomaly 


See || StS =) =p Pe 2 cooloocoiooscol/ooojoosol/oooj;ooo!;ooeo coocoo;ooo;ooo 


440 IX 4. Mercury’s mean motion tables 


Mercury Mercury 
Longitude Anomaly 
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Mercury 
Longitude 
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442 IX 5. Representation of planetary anomalies by eccentre and epicycle 


There are, as we said,®® two types of motion which are.simplest and at the 
same time sufficient for our purpose, [namely] that produced by circles 
eccentric to [the centre of] the ecliptic, and that produced by circles concentric 
with the ecliptic but carrying epicycles around. There are likewise two apparent 
anomalies for each planet: [1] that anomaly which varies according to its 
position in the ecliptic, and [2] that which varies according to its position 
relative to the sun. 

For [2] we find, from a series of different [sun-planet] configurations observed 
round about the same part of the ecliptic,*® that in the case of the five planets”’ 
the time from greatest speed to mean is always greater than the time from mean 
speed to least. Now this feature cannot be a consequence of the eccentric 
hypothesis, in which exactly the opposite occurs, since the greatest speed takes 
place at the perigee in the eccentric hypothesis, while the arc from the perigee to 
the point of mean speed is less than the arc from the latter to the apogee in both 
[eccentric and epicyclic] hypotheses. But it can occur as a consequence of the 
epicyclic hypothesis, however only when the greatest speed occurs, not at the 
perigee, as in the case of the moon, but at the apogee; that is to say, when the 
planet, starting from the apogee, moves, not as the moon does, in advance [ with 
respect to the motion] of the universe, but instead towards the rear. Hence we 
use the epicyclic hypothesis to represent this kind of anomaly.** 

But for [1], the anomaly which varies according to the position in the ecliptic, 


we find from [observations of] the arcs of the ecliptic between [successive] 


phases or [sun-planet] configurations of the same kind’’ that the opposite is 
true: the time from least speed to mean is always greater than the time from 
mean speed to greatest. This feature can indeed be a consequence of either of 
the two hypotheses (in the way we described in our discussion of the equivalence 
of the hypotheses at the beginning of our treatise on the sun [III 3]). But it is 
more appropriate to the eccentric hypothesis,*” and that is the hypothesis which 
we actually use to represent this kind of anomaly, since, moreover, the other 
anomaly was found to be peculiar, so to speak, to the epicyclic hypothesis. 
Now from prolonged application and comparison of observations of 
individual [ planctary] positions with the results computed from the combin- 
ation of both [the above] hypotheses, we find that it will not work simply to 
assume"! [as one has hitherto] that the plane in which we draw the eccentric 


ipela le 

*° This eliminates the effect of the ecliptic anomaly. Examples would be observations of Mars at 
opposition, station and (by interpolation) conjunction all near the same point in the ecliptic. 

“ Excising kal beforeéni tv névte TAav@pevov at H250,17. (kai was apparently omitted in the 
text translated by al-Hajjaj). One would have to translate Heiberg’s text ‘in the case of the five 
planets too’ (as well as the sun and moon). But the situation is precisely the opposite for the sun and 
moon (see e.g. II 4 p. 153). Perhaps the whole phrase kai ... mAav@pévov is an ancient 
interpolation. 

38 See Ptolemy’s discussion of this point at HI 3 p. 144-5. However, as Neugebauer points out 
(HAMA 149-50) it is perfectly possible for an eccentric model to represent the planetary motions, 
provided the apsidal line is allowed to move, and precisely this kind of eccentric model is described 
at XII 1, though even there Ptolemy restricts its applicability to the outer planets. 

*’This eliminates the effect of the synodic anomaly. Examples would be observations of 
oppositions of Mars in different parts of the ecliptic (as in X 7). 

“Cf. III 4 p. 153, where Ptolemy prefers it on the ground that it is ‘simpler’. 

*! Literally ‘that the assumption that . . . cannot progress so simply’. 
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circles is stationary, and that the straight line through both centres (the centre of 
the [ planet’s] eccentre and the centre of the ecliptic), which defines apogee and 
perigee, remains at a constant distance from the solstitial and equinoctial 
points; nor [to assume] that the eccentre on which the epicycle centre is carried 
is identical with the eccentre with respect to the centre of which the epicycle 
makes its uniform revolution towards the rear, cutting off equal angles in equal 
times at [that centre]. Rather, we find that the apogee of the eccentre performs a 
slow motion towards the rear with respect to the solstices, which is uniform 
about the centre of the ecliptic, and comes to about the same for each planet as 
the amount determined for the sphere of the fixed stars, i.e. 1° in 100 years (at 
least, as far as can be estimated on the basis of available evidence). We find, too, 
that the epicycle centre is carried on an eccentre which, though equal in size to 
the eccentre which produces the anomaly, is not described about the same 
centre as the latter. For all planets except Mercury the centre [of the actual 
deferent] is the point bisecting the line joining the centre of the eccentre 
producing the anomaly to the centre of tne ecliptic. For Mercury alone, [the 
centre of the deferent] is a point whose distance from the centre of the circle 
about which it rotates is equal to the distance of the latter point towards the 
apogee from the centre of the eccentre producing the anomaly, which in turn is 
the same distance towards the apogee from the point representing the observer; 
for also, in the case of this planet alone, we find that, just as for the moon, the 
eccentre is rotated by [the movement of] the above-mentioned centre in the 
opposite sense to the epicycle, [i.e.] in the advance direction, one rotation per 
year. [This must be so} because the planet itself appears twice in the perigee in 
the course of one revolution, just as the moon appears twice in the perigee in one 
[synodic] month. 


6. {On the type of and difference between the hypotheses} 


One may more easily grasp the type of the hypotheses which we infer on the 
basis of the preceding [phenomena] from the following description. 

First for that of the [four planets] other [than Mercury], imagine [ Fig. 9.1] 
the eccentre ABG about centre D, with ADG as the diameter through D and the 
centre of the ecliptic; on this let E be taken as the centre of the ecliptic, i.e. the 
viewpoint of the observer, making A the apogee and G the perigee. Let DE be 
bisected at Z, and with centre Z and radius DA draw a circle HOK, which 
must, clearly, be equal to ABG. Then on centre © draw the epicycle LM, and 
join LOMD. 

First, then, although we assume that the plane of the eccentric circles is 
inclined to the plane of the ecliptic, and also that the plane of the epicycle is 


inclined to the plane of the eccentres, to account for the latitudinal motion of 


the planets, in accordance with what we shall demonstrate concerning that 
topic, nevertheless, for the motions in longitude, for the sake of convenience, let 
us imagine that all [those planes] lie ina single [plane], that of the ecliptic, since 
there will be no noticeable longitudinal difference, not at least when the 
inclinations are as small as those which will be brought to light for each of the 
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Pigs Oil 


planets. Next, we say that the whole plane [of the eccentre] moves uniformly 


about centre E towards the rear [i.e. in the order] of the signs, shifting the 
position of apogee and perigee 1° in 100 years, and that diameter LOM of the 
epicycle rotates uniformly about centre D, again towards the rear [i.e. in the 
order] of the signs, with a speed corresponding to the planet’s return in 
longitude, and that it carries with it points L and M of the epicycle, and centre © 
of the epicycle (which always moves on the eccentre HOK), and also carries 
with it the planet; the planet, for its part, moves with uniform motion on the 
epicycle LM and performs its return always with respect to that diameter [of the 
epicycle] which points towards centre D, with a speed corresponding to the 
mean period of the synodic anomaly, and [a sense of rotation] such that its 
motion at the apogee L takes place towards the rear. 

We can visualise the peculiar features of the hypothesis for Mercury as 
follows. Let [ Fig. 9.2] the eccentre producing the anomaly be ABG about centre 
D, and let the diameter through D and centre E of the ecliptic be ADEG, 
[ passing] through the apogee at A. On AG take DZ towards the apogee A, equal 
to DE. Then everything else remains the same, namely the whole plane, 
[revolving] about centre E, shifts the apogee towards the rear by the same 
amount as for the other planets, the epicycle is revolved uniformly about centre 
D towards the rear, as [here] by the line DB, and furthermore the planet moves 
on the epicycle in the same way as the others. But in this case the centre of the 
other eccentre, which is, again, equal in size to the first eccentre, and on which 
the epicycle centre is always located, is carried around point Z in the opposite 
sense to the motion of the epicycle, namely in advance [i.e. in the reverse order] 
of the signs, but uniformly and with the same speed as the epicycle, as[ here] by 
the line ZHO. Thus in one year each of the lines DB and ZHO performs one 
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Fig. 9.2 


return with respect to a [given] point of the ecliptic, but, with respect to each 
other, obviously, two returns. And [the centre of that eccentre] will always be at 
a constant distance from point Z, and that distance too will be equal to both ED 
and DZ (as [here] ZH). Thus the small circle described by its motion in 
advance, with centre Z and radius ZH, always has on its boundary the point D 
(the centre of the first, fixed eccentre) too; and the moving eccentre, at any 
given moment, can be described with centre H and radius H© equal to DA (as 
here OK), the epicycle always having its centre on it (as here at point K). 

We shall get an even clearer grasp of these hy potheses from the demonstrations 
we shall make [in determining] the parameters for each planet individually. In 
those demonstrations will also frequently become clear, [at least] in outline, the 
motives which somehow led us to adopt these hypotheses. 

However, one must make the preliminary point that the longitudinal periods 
do not bring the planet back to the same position both with respect to a point on 
the ecliptic and [simultaneously] with respect to the apogee or perigee of the 
eccentre; this is due to the shift in position which we assign to the latter. Hence 
the mean motions in longitude which we tabulated above represent, not the 
returns [of the planets] defined with respect to the apogees of the eccentres, but 
the returns defined with respect to the solstitial and equinoctial points, agreeing 
with the length of the year as we have determined it.” 

Now we must prove first that from these hypotheses too it follows that, for 


equal distances of the planet in mean longitudinal motion on opposite sides of 


apogee or perigee, the equation of ecliptic anomaly on one side [of apogee or 


“2 Tn other words, the mean motions tabulated by Ptolemy are tropical, not sidereal mean motions, 
and since the apogees are, by his definition, sidereally fixed, a return in longitude (to the same point 
in the ecliptic) must differ slightly from a return to the apogee. 
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perigee] is equal to that on the other side, and that the greatest elongation on 
the epicycle from the mean position [on one side is equal to that] in the same 
direction {on the other side].*° 

Let [Fig. 9.3] the eccentric circle on which the epicycle centre moves be 
ABGD on centre E, with diameter AEG, on which Z is taken as the centre of the 
ecliptic, and H as the centre of the eccentre producing the anomaly, 1.e. the 
point about which we say the uniform motion of the epicycle takes place. Draw 
BHO and DHK at equal distances from apogee A (so that Z AHB = Z AHD), 
draw on points B and D epicycles of equal size, and join BZ and DZ. From Z, 
the observer, draw ZL and ZM as tangents to the [two] epicycles in the same 
direction [i.e. both towards the perigee]. 


I say [1] that the angles of the equation of ecliptic anomaly 
Z ZBH=Z HDZ 
[2] similarly, that the greatest elongations on the epicycle 
Z BZL=Z DZM. 
(For, [if these statements are true], the amounts of the greatest elongations from 
the mean [position] resulting from the combination [of the hypotheses] will also 
be equal [on opposite sides of the apsides]).*4 
[Proof:] Drop perpendiculars BL and DM from Band Donto ZLand ZM, and 
perpendiculars EN and EX from E on to DK and BO. 


** By ‘in the same direction’ is meant ‘both towards apogee’ or ‘both towards perigee’. This is 
explained by Fig. 9.3. Ptolemy is carrying out the proof of symmetry analogous to that performed 
for the models of the sun and moon (III 3 pp. 151-3). 

** Z BZLetc. are the true maximum elongations (as seen from the earth). In what follows Ptolemy 
is going to compare the mean maximum elongations, and it is essential to his proof that these too be 
symmetrical about the line of the apsides. Since the latter differ from the angles BZL etc. by anangle 
equal to the equation of centre, or Z ZBH etc., the symmetry is guaranteed by the equations|[ 1] and 


[2]. 
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Then, since Z XHE=Z NHE* 
and the angles at N and X are right 
and EH is common to the equiangular triangles [NHE, XHE], 
NH = XH 
and perpendicular EN = perpendicular EX. 
Therefore lines BO and DK are equidistant from centre E. 
Therefore they are equal to one another,*® 
and their halves are equal to one another [i.e. BX = DN]. 
Therefore, by subtraction [of XH from BX and NH from DN], 
BH = DH. 
But HZ is common [to triangles BHZ, DHZ] 
and Z BHZ=Z DHZ*’. 
Therefore base BZ = base DZ 
and Z HBZ=Z HDZ. 
But also BL= DM (radii of the epicycle), 
and the angles at L and M are right. 
“ ZBZL=Z DZM. 


OF.D: 

Again, to represent the hypothesis for Mercury, let [Fig. 9.4] ABG be the 
diameter through the centres and apogee of the [eccentric] circles, and let A be 
taken as the centre of the ecliptic, B as the centre of the eccentre producing the 
anomaly, and G as the point about which rotates the centre of the eccentre 
carrying the epicycle. Draw, again on both sides [of the apogee], lines BD and 
BE, representing the uniform motion of the epicycle towards the rear, and lines 


45 Because they are vertically opposite the equal angles AHB and AHD. 

6 Euclid HE 14. 

47 Excising 1) bno tac toag mheupac at H259,4-5. Heiberg emended to 1 bn0 TOV towv MAEvPaV 
(the normal expression). It would mean ‘the angles enclosed by the equal sides’, and was presumably 
interpolated to make explicit the condition of Euclid I 4, ‘If two triangles have two sides equal to two 
sides, and have the angles enclosed by the equal straight lines equal, they will also have the base 
equal to the base’. The reason for the equality of the angles is that they are the supplements of the 
equal angles AHB and AHD. 
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GZ and GH representing the revolution of the eccentre in advance with a speed 
equal [to the epicycle’s]. (So it is clear that the angles at G and B must be equal, 
H260 and BD must be parallel to GZ, and BE to GH). On GZ and GH take the 
centres of the [moving] eccentres - let them be © and K - and let the eccentres 
drawn on those centres (on which the epicycles are located), pass through points 
D and E. On points D and E draw epicycles (again equal), join AD and AE, and 
draw AL and AM tangent to the epicycles on the same side [of the epicycles]. 
Then we must prove that in this situation too the angles of the equation®® of 
ecliptic anomaly 
Z ADB=Z AEB, 
and that the angles of greatest elongation on the epicycle 
Z DAL=Z EAM. 
[Proof:] Join BO, BK, OD and KE, 
and drop perpendiculars GN and GX from G on to BD and BE, 
perpendiculars DZ and EH from D and E on to GZ and GH, 
and perpendiculars DL and EM from D and E on to AL and AM. 
Then, since Z GBN = Z GBX [by hypothesis] 
H261 and the angles at N and X are right 
and line GB is common [to triangles GBN, GBX], 
GN = GX 
ie. DZ = EH.* 
And also OD = KE” 
and the angles at Z and H are right. 
So Z DOZ=Z EKH. 
And because [in triangles GOB, GKB] 
OG = GK (by hypothesis) 
and GB is common 
and Z @GB=Z KGB, 
hence Z GOB=Z GKB. 
Therefore, by subtraction, Z BOD = Z BKE,?! 
and base BD = base BE.** 
But again [in triangles BAD, BAE] 
BA is common 
and Z DBA=Z EBA [by hypothesis]. 
So base AD = base AE 
and Z ADB=Z AEB. 
By the same reasoning [as before] 
since DL= EM [epicycle radii] 
and the angles at L and M are right, 
Z DAL=Z EAM. 
ORD. 


* Reading tod napa THY CmdiaKrv dvopadiav d.iapdpov at H260,8, Heiberg, following the 
Greek mss., omits the last word, which was restored by Halma (followed by Manitius), apparently 
without authority. It was in fact read by Is. 

**GZDN and GHEX are parallelograms. 

5° Although one can see that this must be so by symmetry, the proof is quite intricate. For the radii 
of the deferent in its two positions are not @D and KE, but KD and @E. Cf. Manitius p. 435. 

*! Z BOD = 180° - (4 DOZ + Z GOB). Z BKE = 180° - (4 EKH + Z GKB), 

*? In the congruent triangles BOD, BKE. 
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7. {Demonstration of (the position of| the apogee of Mercury and of its displacement}°? 


After establishing the above theory, we determined, first, in what part of the 
ecliptic Mercury’s apogee lies, by the following method. 

We sought out observations of greatest elongations in which the distance [of 
Mercury] as morning-star from the mean longitude of the sun (i.e. from the 
mean longitude of the planet) is equal to its distance as evening-star. For once 
we had found such a situation, it necessarily follows from our [above] 
demonstrations that the point on the ecliptic halfway between the two positions 
[of Mercury as morning-star and evening-star] occupies the apogee of the 
eccentre. 

The observations which we used for this purpose are few in number, because 
precisely such combinations [of planet and sun positions] rarely occur; 
nevertheless they are sufficient to exhibit the desired result. The more recent of 
them are the following. 

[1] In the sixteenth year of Hadrian, Phamenoth [VII] 16/17 in the 
Egyptian calendar [132 Feb. 2/3], in the evening, we observed Mercury, by 
means of the astrolabe instrument, at its greatest distance from the mean 
longitude of the sun. Also, from a sighting with respect to the bright star in the 
Hyades, it was seen then to occupy a longitude of 3€ 1°. At the time in question 
the sun’s mean longitude was 2% 93°. So the greatest elongation from the mean 
as evening-star comes out as 21 4°.°4 

[2] And, in the eighteenth year of Hadrian, Epiphi [XI] 18/19 in the 
Egyptian calendar [134 June 3/4], at dawn, Mercury [was observed Jat greatest 
elongation, appearing very small and dim; from a sighting with respect to the 
bright star in the Hyades it was seen to occupy 8 187°.°° Nowat that time the 
mean sun was in LI 10°. Here too, then, the greatest elongation from the mean 
as morning-star was 214°, equal [to the elongation in [1]]. 

So, since the mean position of the planet was 93° at one of the observations, 
and 1 10° at the other, and the point of the ecliptic halfway between these 
occupies P 9§°, the diameter through the apogee must lie in that position at 
that time. 

[3] Again, in the first year of Antoninus, Epiphi [XI] 20/21 in the Egyptian 
calendar [138 June 4/5], in the evening, we observed Mercury by means of the 
astrolabe at its greatest distance from the sun’s mean longitude. Froma sighting 


53 See HAMA 159-61, Pedersen 309-312. An acute critique of the method employed by Ptolemy 
for determining the apsidal line of the inner planets was made by Sawyer, ‘Ptolemy’s 
Determination of the Apsidal Line for Venus’. He shows that mere equality of mean maximum 
morning and evening elongations is an insufficient criterion for positing symmetry to the apsidal 
line, although the observations Ptolemy actually chose are in fact (grosso modo) symmetric. For other 
criticisms see Wilson, ‘Inner Planets’, 225 ff. : 

54 The star in question is a Tau, which has in the catalogue (XXIII 14) a longitude of 8 125°. In 
order to find the result he does, Ptolemy should have observed on the instrument a longitudinal 
difference of 713°, which is so large as to cast doubt on the validity of the observation. But, by using 
the same star as reference-point in both observations [1] and [2], Ptolemy may have thought that he 
was minimizing any error resulting from faulty determination of the star's ecliptic position. 

55 Te. on this occasion the observed longitudinal difference was only 673°. (see n.54). 


H262 


H263 


H265 


450 LX 7. Location of Mercury’s absidal line in Ptolemy’s time 


at that moment with respect to the star on the heart of Leo it wae to occupy 

5 7°.56 But at the time in question the mean sun was in I] 103°. Therefore the 
greatest elongation [of Mercury] as evening-star comes out as 265° 

[4] Similarly, in the fourth year of Antoninus, Phamenoth [VII] 18/19 in the 
Egyptian calendar [141 Feb. 1/2], at dawn, [Mercury was observed], again, at 
greatest elongation: from a sighting with respect to the starcalied Antares it was 
seen to occupy 133°,5” while the mean sun was in 2 10°. Here too, then, the 
greatest elongation from the mean as morning-star was 265°, equal [to the 
elongation in [3]]. 

So, since the mean position of the planet was II 103° at one of the 
observations and « 10° at the other, and the point of the ecliptic halfway 
between them occupies & 102°, the diameter through the apogee must lie in 
that position at that time. 

From these observations, then, we find that the apogee falls at about 10° of 
Aries or Libra, whereas from the ancient observations made near the greatest 
elongations we find it at about 6° of the same signs, as can be calculated from the 
following kind [of data]. 

[5] In the 23rd year in Dionysius’ calendar, Hydron 21,°° at dawn, 
Stilbon®? was 3 moons to the north of the brightest star in the tail of Capricorn. 
At that time the star in question had a position, according to [the coordinate 
system defined by] our origin, namely that beginning with the solstitial or 
equinoctial points, of Y> 223°. Mercury, obviously, had the same longitude, 
and®! the mean sun was in #* 18°: for that moment was in the 486th 
year from Nabonassar, Choiak [IV] 17/18 in the Egyptian calendar [-261 Feb. 
11/12], dawn. Therefore the greatest elongation from the mean[of Mercury] as 
morning-star was 258°. 

Now we did not find a greatest elongation from the mean as evening-star 
which was precisely equal to that, at least in the observations which have 
reached us: but we calculated the [position with | equal [elongation] by means of 
two observations which were very close [to the required situation], in the 
following manner. 

[6] [Firstly], in the same 23rd year in Dionysius’ calendar, Tauron 4, 


6 The star (Regulus, a Leo) has in the catalogue (XXVI 8) the longitude (1) 23°. Thus the 
observed difference should have been 343°. 

7 The star (a Sco) has in the catalogue (X XIX 8) the longitude m 123°. Thus the observed 
longitudinal difference should have been the large one of 602°. 

*® Reading xa’ (with D’G,Ar) at H264,18 for x0’ (29). The correction was made by Béckh, 
following Lepsius, in his discussion of the calendar of Dionysius (Sonnenkreise 294-95), on which see 
Introduction pp. 13-14. 

Mercury. The names Maivov, Paébwv, Mvpdeic, Pwagopocg and LtiAPwv for Saturn, 
Jupiter, Mars, Venus and Mercury are found in Hellenistic texts (and occasionally later, as an 
archaism). An excellent discussion of the evidence for their use and the reason for their introduction 
(the nomenclature used by Ptolemy, ‘star of Kronos [Saturn]’, etc. is undoubtedly earlier) is given 
by Cumont, ‘Les noms des planétes’. The occurrences in the Almagest (here and at H288,11, both 
connected with Dionysius, i.e. earlier third century B.C.) are the earliest dated examples of the 
nomenclature. 

° The star in question is identified by Ptolemy with no. XX XI 24 in his catalogue (6 Cap). The 
longitude there is > 26 a, from which he subtracts 4° to account for precession in the intervening 
398 or so years. A ‘moon’, as measurement, is about half a degree. 

*! Reading 6é (with D Ar) at H264,24 for dnAovott (‘and, obviously’). The position of the mean 
sun is not obvious, but has to be computed. 


IX 7. Earlier observations of greatest elongations of Mercury 451 


in the evening, [Mercury] was 3 moons behind [i.e. to the rear of] the straight 
line through the horns of Taurus, and it seemed as if it was going to be more 
than 3 moons to the south of that one common [to Auriga and Taurus] when it 
passed by it.°* Thus its position according to our coordinates was 8 233°. That 
moment was again in the 486th year from Nabonassar, [Mechir | V1]] 30/ 
Phamenoth [VII] 1° in the Egyptian calendar [-261 Apr. 25/26], evening, at 
which time the longitude of the mean sun was P 293°. So the greatest 
elongation from the mean as evening-star was 246°. 

[7] [Secondly], in the 28th year in Dionysius’ calendar, Didymon 7, in the 
evening, [Mercury] was practically on a straight line with [the stars in] 
the heads of Gemini, and lay to the south of the southern one by 3 ofa moon less 
than twice the distance between [the stars in] the heads.** Thus at that time, 
according to our coordinates, Mercury was in LI 29:°. This moment is in the 
491st year from Nabonassar, Pharmouthi [VIII] 5/6 in the Egyptian calendar 
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Fig. O 


6 The stars in question are, in the catalogue, XXIII 19 and 21 (C and B Tau). The latter is also 
counted as Auriga [XII] no. 11. Subtracting 4° from the catalogue longitudes for precession. we get 
the coordinates at the observation as: southern horn, A 8 233°, B —23°; northern horn, A 8 213°, B 
+5°. Ptolemy concludes that the longitude of Mercury was the same as that of the southern horn. 

63 There is no doubt that this is what is intended. The Greek mss. have, at H265,16, Dapevad i’ 
sic thv a’, which seems hardly possible. Petavius, followed by Ideler and Bockh, emended to 
Meyip A’ cic thv a’ Mapevod; Halma, followed by Manitius, to d’ cig thv a’ Papevod. The 
Arabic translations suggest that one must read Dapevad cic trv G, ie. simply excise. A”. For the 
expression cf. p. 456 n.84. 

6¢ These are, in the catalogue, XXIV | and 2 (a and B Gem), with coordinates (corrected for 
precession): northern head, A Hf 193°, B + 9}°: southern head, A I 223°, B+ 64°. See Fig. O, which 
shows that Mercury’s ‘distance to the south’ is measured along the line between the stars. 
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[- pits May 28/29], evening, at which time the — of the mean sun was 
L 22°. Thus this [greatest] elongation was 263° 

Now, when the mean position was in (P 292°, the greatest elongation was 
244°, and when the mean position was in 2%°, the [greatest] elongation was 
265°: and the [greatest elongation] as morning-star, to which we were seeking 
the corresponding [greatest elongation as evening-star], was 25%°. So we 
derived the location of the mean position for a [greatest ] evening elongation of 
258° from the difference between the above two observations: the difference 
between the mean positions at the two observations is 333°, and the difference 
between the greatest clameamania 24°. Thus to 13° (which is the amount by 
which 258° exceeds 246°) correspond approximately 24°.° If we add this 
amount to f 292°, we shall get the mean position at which the greatest evening 
elongation is calculated to be equal to the greatest iene: elongation of 25%°: 
this point is 8 233°. And the point halfway between < 184° and 8 233° isat P 
5° 

[8] Again, in the 24th year in Dionysius’ calendar, Leonton 28, in 
the evening, { Mercury] was a little more than 3° in advance of Spica, according 
to Hipparchus’ reckoning.°® Thus at that moment its longitude according to 
our coordinates was my 193°. That moment is in the 486th year from Nabonassar, 
Payni [X] 30 in the Egyptian calendar [-261 Aug. 23], evening, at which time 
the longitude of the mean sun was {2 278°. Therefore the greatest elongation 
from the mean as evening-star was 213°. We again calculated [the position of] 
the morning elongation precisely corresponding to that from two of the available 
[observations]. 

[9] In the 75th year in the Chaldaean calendar,°’ Dios 14, at dawn, 
[Mercury] was half a cubit [ca. 1°] above [the star on] the southern scale [of 
Libra]. Thus at that time it was in 146°, according to our coordinates. This 
moment is in the 512th year from Nabonassar, Thoth [I] 9/10 in the Egyptian 
calendar [- 236 Oct. 29/30], dawn, at which time the longitude of the mean sun 
was M, 55°. Therefore the greatest morning elongation was 21°. 

[10] In the 67th year in the Chaldaean calendar, Apellaios 5, at dawn, 
{Mercury] was a half a cubit [ca. 1°] above the northern [star in the] 
forehead of Scorpius. Thus at that time it was in m, 23°, according to our 
coordinates.°’ This moment is in the 504th year from Nabonassar, Thoth [Tj 
27/28 in the Egyptian calendar [—244 Nov. 18/19], dawn, at which time the 


65 This is a crudely rounded result. In fact 333 X 14 /24~ 23:49°, so a reasonable approximation 
would have been 23%. However, linear interpolation is itself a crude procedure here. 

°° This is proof that this observation (?by Dionysius) was one of those which Hipparchus 
‘arranged in a more useful way’ (see [X 2 p. 421, with n.11), and it is a plausible surmise that all of 
these Mercury observations were derived by Ptolemy from that compilation. The longitude of 
Spica (catalogue XX VII 14) was, according to Ptolemy, np 223° in Dionysius’ time; thus he takes 
Mercury as being 34° in advance of Spica. 

§? The Seleucid era. See Introduction p. 13. 

8 The star is catalogue XXVIII 1 (a Lib, there said to be on the ‘southern claw’) to which Ptolemy 
assigns the longitude = 18° in his own time. Here, then, he has subtracted 32° to account for the 
precession in 373 years (one would have expected 33°). 

* The star is catalogue X XIX 1. Its longitude there is Mi, 64°, so Ptolemy has subtracted 4° for the 
precession in 381 years, again more than one would have expected. 
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longitude of the mean sun was m, 242°. Therefore this [greatest morning] 
elongation was 223°.7° 

In these two observations again, then, since the difference between the two 
mean positions is 195°, and the difference between the greatest elongations is 
15°, it follows that to 3° (which is the amount by which the 21 §° of the required 
Se oaiiien exceeds the 21° of the lesser [ of these two]) corresponds about 9°.7! If 
we add the latter to m, 58°, we get the mean position at which the Bie aiest 
morning clomgation becomes equal to the greatest evening elongation of 215° 
this point is m, 14%°. And the point halfway between Q. 272° and m, 146° 
again, about 6°.” 

From the above, and also because the phenomena associated with the other 
planets individually fit [the assumption], we find it consistent [with the facts to 
assume | that the diameters through the apogees and perigees of the five planets 
shift about the centre of the ecliptic towards the rear through the signs, and that 
this shift has the same speed as that of the sphere of the fixed stars. For the latter 
moves about I° in 100 years, as we demonstrated [p. 328]; and here too the 
interval from the ancient observations, in which ” the apogee of Mercury was in 
about the 6th degree [of the signs in question],’* to the time of our 
observations, during which it has moved about 4° (since it [now] occupies the 
10th degree), is found to comprise approximately 400 years. 


8. { That the planet Mercury, too, comes closest to the earth twice in one revolution}"® 


In accordance with the above we investigated the size of the greatest 
elongations which occur when the mean longitude of the sun is exactly in the 
apogee, and again, when it is diametrically opposite that point. We cannot 
derive this from the ancient observations, but we can do so from our own 
observations made with the astrolabe. For it is in this situation that one can best 
appreciate the usefulness of this way of making observations, since, even if those 
stars with previously determined positions which are visible are not near the 
planet being observed (which is generally the case with Mercury, since, for the 
majority of the fixed stars, it is rare that they are visible when they are [only] as 


7 Observations [9] and [10] are proven to be Babylonian by several marks: use of the Seleucid era 
(called by Ptolemy ‘according to the Chaldaeans’); the use of the ‘cubit’ as an astronomical 
measurement; and also the fact that both the stars used as markers belong to the small group used in 
Babylonian texts for precisely this purpose and known as ‘normal stars’ (see HAMA 545; Sachs [1] 
46). 
i This linear interpolation, like the earlier one (see p. 452 n.65) is inaccurate. 83° would be much 
more reasonable. 

7 Qn this occasion the half-way point ts at precisely 6°. 

73 One would expect, at H269,12, ka0" &c, referring to tprjoewv, rather thanka8’ Ov, referring 
to xpOvov, since the latter means ‘interval’. But apparently, since ypOvoc can also mean ‘epoch’, 
Ptolemy has somewhat illogically assimilated the relative pronoun to it (cf. tov [sc. yPOVov] in the 
next line, where it certainly means ‘epoch’). 

74Tt has not yet been decided whether the apogee lies in Aries or Libra. 

75 See HAMA 161, Pedersen 314-15. ‘too’ refers to the moon (picking up Ptolemy’s remark IX 5 
p. 443). On the term meptyelotatog as applied to Mercury see p. 461 n.94. 
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404 IX 8. Apogee of Mercury lies in Libra 


far from the sun as Mercury is),’° one can still determine positions of the planet 


in question accurately in latitude and longitude, by sighting stars which are ata 
considerable distance. 

[Firstly] then, in the nineteenth year of Hadrian, Athyr [III] 14/15 in the 
Egyptian calendar [134 Oct. 2/3], at dawn, Mercury, which was around its 
greatest elongation, was sighted with respect to the star on the heart of Leo, and 
was seen to have a longitude of m 202°.77 The mean sun wasat about & 94°, so 
the greatest elongation was 1930°. 

[Secondly], in the same year, Pachon [IX] 19 [135 Apr. 5], in the evening, 
[Mercury], which was again around its greatest elongation, was sighted with 
respect to the bright star in the Hyades, and was seen to have a longitude of 8 
43°,.78 The mean sun had a longitude of P 117°. Hence in this case one 
calculates the greatest elongation as 234°, and it is immediately obvious that the 
apogee of the eccentre is in Libra and not in Aries. 

With these data, let [Fig. 9.5]? the diameter through the apogee be ABG. Let 
B be taken as the centre of the ecliptic, at which the observer is, A as the point at 
~ 10°, and Gas the point at P 10°. Describe equal epicycles with points Dand 


7° Since Mercury’s maximum elongation from the sun is never much more than 20°, it is only 
visible for a short time after sunset or before dawn, when the sky in its region is too illuminated for 
any but very bright stars to be visible. The ‘ancient observations’ (i.e. those by Babylonians or 
earlier Greeks) were made by giving the position with respect to nearby stars; but in some regions of 
the ecliptic there is a scarcity of bright stars. 

" The star had a longitude of §) 27° according to Ptolemy’s catalogue (X XVI 8), so the observed 
interval was 47;42°. 

’® The star had a longitude of 8 123°, according to the catalogue (XXIII 14), so the observed 
interval was only 83°. 

” Heiberg has made an error in the figure on p. 271: Z is on the wrong side of B. Corrected by 
Manitius. 
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E fon their circumferences] about A and G [respectively], and draw from B 
tangents to them, BD and BE. Drop perpendiculars AD and GE from the 
centres to the points of tangency. 
Now since the greatest elongation from the mean as morning-star in Libra 
was observed as 1935°, 
/ ABD =| 19;3° where 4 right angles = 360° 
38;6°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle ABD 
arc AD = 38;6° 
and its chord, AD ~ 39;9° where hypotenuse AB = 120°. 
Again, since the greatest elongation from the mean as evening-star 
in Aries was observed as 233°, 
/ GBE =| where 4 right angles = 360° 
46;30°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle GBE 
arc GE = 46;30° 
and its chord, GE = 47;22° where hypotenuse BG = 120°. 
Therefore where GE = 39;9? and AB = 120° 
(for AD = GE, radii of the epicycle), 
BG = 99;9° 
and, by addition [of AB to BG], ABG = 219;9°. 
So if it is bisected at point Z, 
its half, AZ = 109;34° 
and the distance between points Band Z= _ 10;25° 


I in the same units. 


Now it is clear that either point Z is the centre of the eccentre on which the 
centre of the epicycle is always located, or else the centre of that [eccentre] 
moves about point Z. For those are the only conditions under which the centre 
of the epicycle could be equidistant from Z at both the above diametrically 
opposite situations, as demonstrated. But if Z were the actual centre of the 
eccentre on which the epicycle centre is always located, that eccentre would be 
stationary, and the situation in Aries would be the closest to the earth of all 
situations [i.e. the perigee], since BG is the shortest of [all] lines drawn from B to 
the circle described on centre Z.®° However, we find that the situation in Aries is 
not the closest to the earth of all, but the situations in Gemini and Aquarius are 
even closer to the earth than that, and approximately equal to each other. 
Hence it is clear that the centre of the eccentre in question rotates about point Z, 
in the opposite sense to the revolution of the epicycle (i.e. in advance with 
respect to the signs), it too making one rotation in one revolution [of the 
epicycle]. For if this is so the epicycle centre will be closest to the earth twice [in 
one revolution] on the eccentre. 

As for the fact that the epicycle is closer Lo the earth in Gemini and Aquarius 
than in the [above] situation in Aries, this is easily seen to be an immediate 
consequence of the observations already detailed. For in the observation of the 
16th year of Hadrian, Phamenoth 16 [p. 449 no. 1], the greatest elongation from 
the mean as evening-star was 214°, and in the observation of the 4th year of 


80 Fuclid II 7. 
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Antoninus, Phamenoth 19°! [p. 450 no. 4], the greatest elongation from the 
mean as morning-star was 263°, while in both observations the mean sun was 
near #7 10°. Again, in the observation of the 18th year of Hadrian, “alse ep 19 [p. 

449 no.2], the greatest elongation from the mean as morning-star was 214°, and 
in the observation of the Ist year of Antoninus, Epiphi 20 [p. 449 no. 3], the 
greatest elongation from the mean as evening-star was 263°, the mean sun in 
both these observations being near LT 10°. Thus both in Aquarius and in 
Gemini the sum of the opposite greatest elongations comes to 474°, while the 
sum of the two [greatest | elongations in Aries is [only | 463°, since the evening 
elongation (which is equal to the morning elongation) was observed as 934°, 


9. {On the ratio and the amount of the anomalies of Mercury}® 


Having completed the above preliminary investigation, we have still to 
demonstrate the position of the point on line AB about which takes place the 
annual revolution of the epicycle in uniform motion towards the rear with 
respect to the signs, and the distance from Z of the centre of that eccentre which 
performs its revolution in advance in the same period [as the epicycle]. For this 
investigation we used two observations of greatest elongations, one as morning- 
star and one as evening-star, but in both of which the mean position was a 
quadrant from the apogee on the same side: that is the situation in which, 
approximately, the greatest equation of ecliptic anomaly occurs. 

[1] In the fourteenth year of Hadrian, Mesore [XII] 18 in the Egyptian 
calendar [130 July 4], in the evening, as we found in the observations we got 
from Theon,”’ he says that [Mercury] was at its greatest distance from the sun, 
32° behind [i.e. to the rear of] the star on the heart of Leo. Thus, according to our 
coordinates, its longitude was about $1) 63°, while the longitude of the mean sun 
at that moment was about & 1075°. Thus the greatest evening elongation was 
264° 

[2] In the second year of Antoninus, Mesore [XII] [20]/21* in the Egyptian 
calendar [139 July 4/5], at dawn, we observed its greatest distance by means of 
the astrolabe: sighting it with respect to the bright star in the Hyades, we found 
its longitude as IT 2075°. The mean sun was, again, near 2 103°. Thus the 
greatest morning elongation was 202°. 

With the above as data, let [Fig. 9.6] the diameter through = 10° and &P 10° 
again be AZBG, and, as in the previous figure [9.5], let A be taken as the point 


*! Reading 19’ (with D, Ar) for 1’ (18) at H273,19. Ptolemy gives a double date (18/19) in the 
passage in question. Since the observation was taken at dawn, the second date is preferable, and 
agrees with the practice just below (Epiphi 19, for the earlier 18/19 at dawn). 

8 HAMA 161-2, Pedersen, 318-19. 

*° Other observations by this man are used by Ptolemy in X 1 and X 2. There (p. 469) he says that 
they were ‘given to us by the mathematician Theon’, implying personal contact. He has often been 
identified with Theon of Smyrna. This is chitonelitiaally possible, but given the frequency of the 
name, especially in Roman Egypt, the identification is highly uncertain. 

Bo Sect Meoop) tic thy ka” (with D,Ar) for Meoopy cic tiv Kd" (24th) at H275,13. The 
date is determined by the longitude of the mean sun (computed for Nabonassar 886 XII 20/21, 6 
a.m., as 100;19°). Neugebauer (H.AM4 162 n.3) suggests reading Mecop?h (Kk) cic THY Ka’, but for 
the above form cf. p. 451 n.63. 
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A 


Pig, O6 


at which the epicycle centre is found when its longitude is 10°, Gas the point 
at which it is found when its longitude is P 10°, Bas the centre of the ecliptic, 
and Z as the point about which the centre of the eccentre rotates in advance. H276 

Let the first problem be to find the distance trom point B of the centre about 
which we say the uniform motion of the epicycle towards the rear takes place. 

Let that centre be H, and draw a straight line through H at right angles to 
AG, so that its [angular] distance from the apogee is a quadrant. On this line 
take ©, the centre of the epicycle at the above observations (for at those 
observations the mean longitude of the sun was a quadrant from the apogee, 
since it was near 2» 10°). Draw the epicycle KL on centre ©, and draw the 
tangents to it from B, BK and BL. Join OK, OL and BO. 

Then, since at the mean position in question the greatest morning elongation 
from the mean is given as 204°, and the greatest evening elongation as 262°, 

Z KBL = [202° + 262° =] 46;30° where 4 right angles = 360°. H277 
Therefore its half, Z KBO = 46;30°° where 2 right angles = 360°°.® 
Therefore in the circle about right-angled triangle BOK 
arc ©K = 46;30° 
and its chord, OK = 47;22° where hypotenuse BO = 120°. 
Therefore where OK, the radius of the epicycle, is 39;9° 
and, as was shown, BZ = 10;25°, 
BO = 99;9°. 

Again, the difference between the above greatest elongations, 6°, comprises 
twice the equation of the ecliptic anomaly; and the latter is represented by 
Z BOH, as we proved previously.” 


85 Note that this is exactly equal to Z GBE in IX 8 (p. 455), which implies that the distance of the 
epicycle from the observer is the same at quadrature (here) and at 180° from apogee (there). 
86 TX 6 p. 448. But it is assumed rather than ‘proven’ there. 
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3° where 4 right angles = 360° 
6°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle BHO 
arc BH = 6° 
and BH =6;17° where hypotenuse BO = 120°. 
Therefore where BO = 99;9", and likewise BZ = 10;25°, 
BH = 5312’. 
Therefore BH is approximately half BZ, 
and BH © HZ~ 5;12”, where the radius of the epicycle is 39;9°. 
Again, in the same figure [Fig. 9.7], draw line ZMN through Z at right angles 
to AG, but on the opposite side to HO. Because lines HO and ZN perform their 
returns to the same point in the same period, but in opposite senses, the centre of 


A 


Therefore 7 BOH | 


G 


Bigeo. 7 


that eccentre on which the epicycle centre © is located will, obviously, lie on 
ZMN at that moment. Let ZN be equal to ZA: thus ZN, like AZ, is the sum of 
the radhus of the eccentre and the distance between the centres ([i.e.] between the 
centre of the eccentre and point Z). Take on ZN the centre of the eccentre, M, 
and join ZO. 
Now Z MZH is right, and Z ZH is practically a right angle (hence NZO, too, 
is practically a straight line);®” 
and it has been demonstrated that where the epicycle radius is 39;9° 
NZ = AZ = 109;34? 
and ZO = BO = 99.9" .% 


*” This simplification is necessary in order to solve the problem at all: for one does not know a priori 
where on ZM the point M lies, only that it lies on a circle with center Z. 
88See p. 455. 


IX 9. Parameters of Mercury’s model 459 


Therefore, by addition, NZ© = 208;43° 
and its half, NM, the radius of the eccentre, is about 104;22°, 
and by subtraction [of NM from NZ], 
ZM, the distance between the centres, is 5;12°. 
But we showed that both BH and HZ were the same amount, 5;12°. 
Thus we have computed that 
where the radius of the eccentre is 104;22?° 
each of the distances between the centres [BH, HZ, ZM] is 5;12° 
and the radius of the epicycle is 39;9°. 
Therefore where the radius of the eccentre is 60°, 
each of the distances between the centres is 3;0° 
and the radius of the epicycle is 22;30°. 
OED. 
With the above [elements] given, the |computed] greatest elongations at the 
points closest to the earth are in agreement with those observed (i.e. when the 
mean position isat # 10° or LI 10°, and [thus] its distance from the apogee is the 
side of the [inscribed] triangle [i.e. 120°], the angle subtended by the epicycle at 
the eye is about 473°), as we can deduce by the following. 


A 


E 


Fig. 9.8 


Let [Fig. 9.8] the diameter through the apogee be ABGDE, on which point A 
is taken as the apogee, B as the point about which the centre of the eccentre 
performs its motion in advance, G as the point about which the epicycle centre 
performs its [uniform] motion towards the rear, and D as the centre of the 
ecliptic. Let each of the [above] motions have gone through the side of the 
[inscribed] triangle fi.e. 120°] (performed uniformly and with equal speed 
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about its own centre) from the apogee A on opposite sides of it. Let the straight 
line rotating the epicycle be GZ, and that rotating the centre of the eccentre be 
BH, and let the centre of the eccentre be H and the centre of the epicycle, Z. 
With the latter as centre describe the epicycle, draw tangents to the epicycle, 
D® and DK, join GH, DZ, ZO and ZK, and drop perpendicular DL from D on 
to GZ. 
We have to show that 
Z ODK = 473° where 4 right angles = 360°. 
Now both Z ABH and Z AGL subtend the side of the [inscribed] triangle 
and are equal to 120° where 2 right angles = 180°; 
so Z GBH=Z DGL = 60°; 
and Z BHG = Z BGH (BG = BH, by hypothesis). 
But Z BHG + Z BGH = 120° (supplement [to Z GBH = 60°}). 
-- Z BHG=Z BGH = 60°. 
So triangle BGH is equiangular and equilateral. 
And Z DGL=Z BGH. 
So points H, G and Z lie on a straight line. 
Hence HZ, the radius of the eccentre = 60° 
where GH (which equals GD) = 3°, the distance between the centres. 
Therefore, by subtraction {of GH from HZ], GZ = 57° in the same units. 
Again, since 
_ J 60° where 4 right angies = 360° 
er =| 120°° where 2 right angles = 360°°, 
in the circle about rignt-angle triangle GDL 
arc DL = 120° 
and arc GL = 60° (supplement). 


Therefore the corresponding chords 


DL = 103:55? 
yal (GL, = ee } wher hypotenuse (CID) = Wa. 
Therefore where DG = 3? and GZ = 57° 
DL = 2;36° 
and GL = 1;30°: 


and, by subtraction [of GL from GZ], LZ = 55;30°. 
Andeincee7? + DL? = 7", 
DZ = 55334" 
where the radius of the epicycle (i.e. ZO and ZK) = 22;30°, by hypothesis. 
Therefore where hypotenuse DZ = 120° 
OZ =ZK = 48:35": 
and Z ZDO = Z ZDK = 47;46°° where 2 right angles = 360°. 
Theretore, by addition [of Z ZD© to Z ZDK], Z ODK = 47:46° where 4 right 
angles = 360°. 


Q.E.D. 


“This is, according to Ptolemy, the least distance of the center of Mercury’s epicycle (cf. XI 10 p. 
546). It was shown by Hartner. ‘Mercury Horoscope’ 109-17 (cf. Pedersen 321-4) that, with the 
parameters of Ptolemy’s model, the least distance actually occurs at about 1203° from apogee, and is 
less than 55:34 (about 55;33,38). These differences are utterly negligible for practical purposes. 
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10. {On the correction of the periodic motions of Mercury} 


The sequel to the above is the establishment of the periodic motions of Mercury 
and their epochs.”' Now the [motion and epoch] in longitude, that is, of the 
epicycle in its uniform motion about point G, are given immediately from those 
of the sun. As for the [motion and epoch] in anomaly, that is, of the planet in its 
[uniform] motion on the epicycle about the epicycle centre, we have derived it 
from two reliable observations, one from among those recorded in our time, and 
the other from the ancient observations. 

[Firstly], we observed the planet Mercury in the second year of Antoninus 
(which was the 886th year from Nabonassar), Epiphi[ XI] 2/3 in the Egyptian 
calendar [139 May 17/18], by means of the astrolabe instrument. It had not yet 
reached its greatest elongation as evening-star. When sighted with respect to 
the star on the heart of Leo it was observed ata longitude of Ld 173°; and at that 
moment it was also 15° to the rear of the moon’s centre. The time at Alexandria 
was 43 equinoctial hours before midnight of [Epiphi 2/]3,” since, according to 
the astrolabe, the 12th degree of Virgo [i.e. m 11°-12°] was culminating, while 
the sun was in about § 23°. Nowat that moment, the positions according to the 
hypotheses we have demonstrated were as follows: 


mean longitude of the sun Geeta 
mean longitude of the moon Hl i242 
anomaly of the moon from the apogee of the epicycle 281;20° 
hence, by computation, true position of the moon’s centre Eee 
apparent position of the moon’s centre 16,207 


Thus from this [computation | too we find that Mercury’s longitude was 1 173° 
(since it was 16° to the rear of the moon’s centre). 

With this as datum, let [Fig. 9.9] the diameter through the apogee and 
perigee’* be ABGDE, on which point A is taken as the apogee, B as the point 
about which the centre of the eccentre performs its motion in advance, G the 
point about which the centre of the epicycle performs its [uniform] motion 
towards the rear, and D the centre of the ecliptic. Let the epicycle centre, Z, 
have been carried by the line GZ about point G through the angle AGZ, and let 
the centre of the eccentre, H, have been carried by line BH about point B 
through the angle ABH, which will, obviously, be equal to Z AGZ because of 
the equal speed of the motions. Draw the epicycle, OKL, on centre Z, and let 
the planet be situated at L. Join GH, HZ, DZ, ZL and DL, extend GZO and 
drop perpendiculars HM and DN on to it from H and D, and drop 
perpendicular ZX from Z on to DL. 


See HAMA 165-8. 

*! Reading abtOv (with D,L) for adtod (‘its epochs’) at H283,4. 

% Literally ‘of the midnight towards the 3rd’. . 

°3 These positions are computed for 7;7 p.m. Alexandria, i.e. Ptolemy has applied the equation of 
time (I find -25 mins. with respect to era Nabonassar). For this moment the computations are 
accurate (I find a longitudinal parallax of -53’ where Ptolemy applies -50’). 

%* ‘perigee’ (tO neptyetov) here and at H285,12 and 14 is taken, somewhat loosely, as the point 
180° from the apogee, and not the point where Mercury’s center is closest to the earth. For the latter 
Ptolemy always uses the superlative form 10 meptye.otatov (H273,11, al.) 
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Kise? 


Let us consider the problem, to find the arc of the epicycle between ©, the 
apogee [of the epicycle], and the planet at L. 
Now at that moment the longitude of the mean sun was 8 22;34°, and the 
perigee of the planet was at about ( 10°.” 
Thus its distance from the perigee in mean longitude was 42;34°. 
. __ | 42;34° where 4 right angles = 360° 
cee =e where 2 right angles = 360°°. 
And since BG always equals BH 
Z BHG = Z BGH = 137;26°° in the same units. 
So, in the circle about triangle BGH”® 
arc HG = 85:8° 
and arc BG = 137;26°. 
Therefore the corresponding chords 
— P 
H286 ae = ae where the diameter of the circle is 120°. 
Therefore where BG = 3°, GH = 2;11?. 
1 j i — -9GC° 
ee ae ate _ Rie } where 2 right angles = 360°°, 
by subtraction, Z HGM = 52;18°° in the same units. 
Therefore in the circle about right-angled triangle GHM 


*° Cf. IX 7 p. 450 and IX 8 p. 454. 
°° This is one of the rare cases where Ptolemy applies the equivalent of the sine theorem in a 
triangle which is not right-angled. See Introduction p. 7 n.10. 
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arc HM = 52;18° 
and arc GM = 127;42° (supplement). 
Therefore the corresponding chords 
HM = 52353" 
and GM = 107;43? 
Therefore where GH = 2;11°, 
and HZ, the radius of the eccentre carrying the epicycle, is 60°, 
HM = 0;58° 
and GM = 1;58?. 
Hence MZ, being a negligible amount less than HZ, the hypotenuse [of triangle 
HMZ], is the same, 60°, 
and, by subtraction fof GM from MZ], GZ = 58;2°. 
Similarly, since Z DGN = 85;8°° where 2 right angles = 360°°, 
in the circle about right-angled triangle GDN 
arc DN = 85;8° 
and arc GN = 94;52° (supplement). 
Therefore the corresponding chords 
= -19P 
ae me - soe } where hypotenuse GD = 120°. 
Therefore where GD = 3° and, as was demonstrated, GZ = 58;2?, 
DN = 2;2° 
and GN = 2;13?; H287 
and, by subtraction [of GN from GZ], NZ = 55;49°. 
Hence hypotenuse DZ [= +/ DN? + NZ?] = 55;51? 
where the radius of the epicycle = 22;30?. 
Therefore in the circle about right-angled triangle DZN, 
where hypotenuse DZ = 120°, 
DN = 4,22? 
and arc DN = 4511°. 
-- £ DZN =4;11°° where 2 right angles = 360°°, 
and, by addition [of Z DZN and Z DGN], Z EDZ = 89;19°°. 
And the whole angle EDL = 135°° in the same units, since the planet was 
observed at 67;30° from the perigee. 
Therefore by subtraction [of Z EDZ from Z EDL], Z ZDL = 45;41°°. 
Therefore in the circle about right-angled triangle DZX, 
arc ZX = 45;41° 
and ZX = 46;35° where hypotenuse DZ = 120°. 
Therefore where hypotenuse DZ = 55;51° and the radius of the epicycle, 
Zi = 22°30 , 
ZX = 21541. 
And, in the circle about right-angled triangle ZLX, 
where hypotenuse ZL = 120°, 
ZX = 115339". 
“are ZX = 149-2°77 


} where hypotenuse GH = 120°. 


The arc corresponding to 115;39? is in fact 149;3°. But if one takes the chord as 115,38,40 
(which is an accurate transformation of 46;35 X 55;51/120), one finds as arc 149;1,56°. As often, 
Ptolemy computes with more accuracy than he displays. 
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and Z ZLX = 149;2°° where 2 right angles = 360°°. 
But we showed that Z ZDL = 45;41°° in the same units. 
[. Z LZK=Z ZLX + Z ZDL = 194;43°°.] 
And Z @ZK [= Z DZN] = 4;11°° likewise. 
Therefore, by addition [of ZOZK + Z LZK], 
7, ..) 198;54°° where 2 right angles = 360°° 
< ezi={ 99:27° where 4 right angles = 360°. 
Therefore arc OKL of the epicycle, which was the distance of the planet 
Mercury from the apogee © at the observation, is 99;27°. 
Q.E.D. 

Secondly, in the 2lst year of Dionysius’ calendar (which was in the 
484th year from Nabonassar), Scorpion 22, [which is] Thoth [I] 18/19 in the 
Egyptian calendar [-264 Nov. 14/15], at dawn, Stilbon [ie. Mercury] was | 
moon to the rear of the straight line through the northern [star in the] forehead 
of Scorpius and the middle [star in the forehead], and was 2 moons to the north 
of the northern [star in the] forehead. Now according to our coordinates at that 
time the midmost of the stars in the forehead of Scorpius had a longitude of m 
13°, and is the same amount Bisa south of the ecliptic, while the northernmost 
star had a longitude of m, 23° and is 13° north of the ecliptic.°* So the planet 
Mercury had a longitude of about ™, 33°.°° Furthermore it is clear that it had 
not yet reached its greatest elongation as morning-star, since 4 days later, on 
Scorpion 26, it is recorded that its distance from the same straight line towards 
the rear was |} moons; for[by that time] the elongation had become greater, the 
sun having moved about 4 degrees, but the planet [only] half a moon. And on 
Thoth 19 at dawn the longitude of the mean sun, according to our tables, was M 
208°, while the longitude of the apogee of the planet was about & 6°, since the 
400 or so years between the observations produce a displacement of the apogee 
of about 4°. 

With the above as data, then, let us drawa figure [ Fig. 9.10] similar to the one 
preceding [Fig. 9.9], but in which, because of the difference in the positions, the 
angles towards the apogee A [1.e. Z AGZ, Z ABH} are to be drawnas acute, the 
straight lines joining [points] to the planet [i.e. ZL, DL], as in advance of the 
epicycle [centre], and perpendicular ZX as beyond ZL, the radius of the 
epicycle.'°° 

Then, since the mean position of the planet was [m 208° - < 6° =] 44;50° 
from the apogee, 

__ J 44;50° where 4 right angles = 360° 
ae = where 2 right angles = 360°°. 
Therefore its supplement, Z GBH = 270;20°° 
and Z BGH = Z BHG = 44;50° in the same units. 


8 See catalogue nos. XXIX 2 and 1. Ptolemy has subtracted 4° from the longitudes there to 
account for precession. 

** It is difficult to see how Ptolemy arrives at this position from his data: see the discussion HAMA 
166, with Fig. 151. This was an observation of a station. Cf. Ptolemy’s remark about ancient 
observations LX 2 pp. 420-1. 

'®° There is the additional difference (as noted by Manitius) that the significations of points @ and 
K has been interchanged: in Fig. 9.9 © was the mean apogee and K the true, while in Fig. 9.10 K is 
the mean perigee and © the true. 
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E 


Fig. 9.10 


And, by the same reasoning [as before] H290 
in the circle about triangle BGH the corresponding chords 
oft ea OY oyale 
siege = oer a where the diameter is 120°. 
Therefore where BG = BH = 3?, 
GH = 5;33°. 
Again, by hypothesis, 
Z AGZ = 89;40°° where 2 right angles = 360°° 
and Z BGH = 44;50°° in the same units, 
so, by addition, Z ZGH = 134;30°°, 
and, in the circle about right-angled triangle GHM 
arc HM = 134;30° 
and arc GM = 45;30° (supplement). 
Therefore the corresponding chords 
MH = 110;40° 
and GM= 46;24° 
Therefore where GH = 5;33° (i.e. where ZH, the radius of the eccentre, is 60°), 
HM = 5;7° 
and GM = 2;10°.'°! 


where hypotenuse GH = 120?. H291 


1019.9? would be more accurate by any method of computation 


FIZZ 
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Hence we compute ZM [= VV ZH? - HM?] as 59;47?, 
and, by addition [of MG to ZM], ZMG as 61;57° in the same units. 
Similarly, since Z DGN [= Z AGZ] = 89;40°° where 2 right angles = 360°°, 
in the circle about right-angled triangle GDN, 
arc DN = 89;40° 
and arc GN = 90;20° (supplement). 
So the corresponding chords 


= . P > 
and = = sie } where hypotenuse GD = 120°, 
Therefore where GD = 3°, 
N27 
and GN = 2;8°, 


and, by addition [of ZG to GN], ZGN = 64;5°. 
Hence hypotenuse ZD [= \/ ZN? + DN?]= 64;7° in the same units. 
Therefore, in the circle about right-angled triangle ZDN, 
where ZD = 120°, 
DN = 3;58° 
and arc DN = 3;48°,!° 
-. Z DZN = 3;48°° where 2 right angles = 360°°, 
and, by subtraction [of Z DZN from Z AGZ], 
Z ADZ = 85;52°° in the same units. 
But Z ADL is given as 54;40°° in the same units 
(for the planet was [m, 33 — 4 6° =] 27;20° from the apogee at the observation). 
Hence, by subtraction, Z ZDL = 31;12°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle ZDX, 
are ZN =S3P 127 
and ZX = 32:16" where hypotenuse DZ = 120°. 
Therefore where DZ = 64;7? (i.e. where ZL, the radius of the epicycle, is 22;30°), 
XG= 17305" 
And, in the circle about right-angled triangle ZLX, 
where hypotenuse ZL = 120°, 
V2 Cad) sip 
Avene ese 
and Z ZLX = 100;8°° where 2 right angles = 360°°. 
And we showed that, in the same units, Z ZDL= 31;12°°, 
[hence Z OZL=Z ZLX - Z ZDL = 68;56°°}, 
and that Z OZK = 3:48°°. 
Therefore, by subtraction [of Z OZK from Z OZL], 
__ } 65;8°° where 2 right angles =360°° 
Se. 32;34° where 4 right angles = 360°. 
At this observation, then, the planet was 32;34° from the epicycle perigee K, 
and, obviously, 212;34° from the apogee. But we showed that at the moment of 


'?'3;47° would be more accurate by any method of computation. 
'"’ The nearest one can get to this by any method of computation is 100;7°. More accurate 
calculation would give 100;4°. 
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our observation it was 99;27° from the apogee of the epicycle. Now the interval 
between the two observations is approximately 

402 Egyptian years 283 days 133 hours. 
This interval contains 1268 complete returns of the planet in anomaly (for 20 
Egyptian years produce very nearly 63 returns, so 400 years produce 1260, and 
the remaining 2 years plus the additional days another 8 complete returns). 
Thus we have shown that in 402 Egyptian years 283 days 133 hours the planet 
Mercury moved in anomaly, beyond 1268 complete revolutions, 246;53°, 
which is the amount by which the position at our observation is beyond the 
previous one. And just about the same increment [in anomaly] results from the 
tables we set out before: for it was on the basis of these very same calculations 
that we made our correction to the periodic motions of Mercury, by reducing 
the above interval to days, and the above revolutions in anomaly plus the 
increment to degrees. For when the total of degrees is divided by the total of 
days, there results the mean daily motion in anomaly which we set out for 
Mercury in our previous discussion [TX 3].'4 


11. {On the epoch of its [Mercury’s] periodic motions} 


Then in order to establish the epochs of the five planets, as we did for the sun 
and moon, for the first year of Nabonassar, Thoth | in the Egyptian calendar, 
noon, we took the interval between that moment and the more ancient of the 
observations, which is closer to it: this is very nearly 
483 Egyptian years 17 days 18 hours.'” 

The increment in mean anomaly corresponding to that interval is 190;39°. If we 
subtract the latter from the 212;34° (counted from the apogee) derived from the 
observation, we get the following epoch positions for Nabonassar 1, Thoth | in 
the Egyptian calendar, noon: 


anomaly counted from the apogee of the epicycle 205° 
[mean] longitude the same as the sun’s, Le. 300,45" 
apogee of the eceentre in about x 15° 


(for jth [of a degree for each] of the above years comes to about 42°, which, 
subtracted from the [longitude] = 6 ° at the observation, gives [=] Tee 


104 For the actual derivation of the mean motion in anomaly see Appendix C, In the derivation of 
the two positions in anomaly on which the mean motion is allegedly based Ptolemy has committed a 
number of small computational and rounding errors. These result in a compounded error which is 
not negligible, as accurate computation from his initial values reveals: 


Ptolemy Computed 

Obs. I 22348 212;29,18° 
Obs. I ee fe 99:33,31° 
Increment 246;53° 247; 4,13°. 


The difference of +11’, distributed over about 400 years, leads to +0;0,0,0,16 “4 in the mean 


motion. 
108 Reading tf (with Ar) for i y’ (183) at H294,5. 18” is shown to be correct both by the 
increment in mean motion below (183" would give 190;42° instead) and by the interval between the 


two observations given above. Corrected by Manitius. 
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1. {Demonstration of [the position of] the apogee of the planet Venus}! 


Such, then, was the method by which we found the hypotheses for the planet 
Mercury, the sizes of its anomalies, and also the precise amounts of its periodic 
motions, and their epochs. For the planet Venus, again, we first investigated the 
position in the ecliptic of the apogee and perigee of the eccentre by [finding] 
greatest elongations which are equal and in the same direction.” The available 
ancient observations did not supply us with exact pairs of positions [suitable] for 
this purpose, but we used contemporary observations for our approach, as 
follows. 

[1] Among the observations given to us by the mathematician Theon, we 
found one recorded in the sixteenth year of Hadrian, on Pharmouthi[VII]] 21/22 
in the Egyptian calendar [132 Mar. 8/9], at which, he says, the planet Venus 
was at its greatest elongation as evening-star from the sun, and was the length of 
the Pleiades in advance of the middle of the Pleiades; and it seemed to be 
passing it a little to the south. Now, according to our coordinates, the longitude 
of the middle of the Pleiades at that time was 8 3°, and its length is about } 40.3 
so clearly Venus’ longitude at that moment was 8 13°. So, since the longitude 
of the mean sun at that moment was ¥ 143°, the greatest distance from the 
mean as evening-star was 472°. 

[2] In the fourth? year of Antoninus, Thoth [I] 11/12 in the Egyptian 
calendar [140 July 29/30], we observed Venus at its greatest elongation from 
the sun as morning-star. It was[the breadth of] half'a full moon to the north-east 
of [the star in] the middle knee of Gemini. At that moment the longitude of the 
fixed star, according to us, was II 194" so Venus was in about LI 183°. And the 


‘On chapters 1-3 see HAMA 152-6, Pedersen 298-306 and (for a criticism of Ptolemy’s 
procedure) Sawyer, ‘Ptolemy’s determination of the apsidal line for Venus’ (cf. p. 449 n.53). 

® See p. 446 n.43. Many of the dates of greatest elongations of Venus given here by Ptolemy are in 
error, some by as much as three weeks (see HAMA 153 n.1). We cannot doubt that he was aware of 
this, but he was forced by the lack of suitable observations during the limited period available to 
take those positions of Venus close to greatest elongation which gave the requtred positions of the 
mean sun with respect to Venus’ apsidal line. The point is discussed in detail by Swerdlow and 
Neugebauer, Ch.5. 

“In the catalogue (X XIII 30-32) the group of the Pleiades has longitudes between 8 25° and 8 
33°. The length of this is indeed 14°, but its midpoint is 8 2;55°, which Ptolemy has rounded to 3° (a 
correction for precession would make it even less than 2;55°). 

4 Reading 6’ (with D,Ar) for 16° (14th) at H297,5. The date is confirmed by the computations 
below. Corrected by Manitius. 

° Catalogue XXIV 11, where the description is somewhat different. Of the three knees mentioned 
(nos. 10, 11 and 13) this is the middle one. 
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470 X 1. Determination of Venus’ absidal line from greatest elongations 


mean sun was in §) 54°. So the greatest distance as morning-star was the same 
amount as before, 472°. 

Therefore, since the mean position was 3€ 144° at the first observation, and{Q 
54° at the second, and the point on the ecliptic halfway between these falls in 
[either] 8 25° [or] m, 25°, the diameter through apogee and perigee must go 
through the latter [points]. 

[3] Similarly, in the [observations we got] from Theon, we found that in the 
twelfth year of Hadrian, Athyr [III] 21/22 in the Egyptian calendar [127 Oct. 
11/12], Venus as morning-star had its greatest elongation from the sun when it 
was to the rear of the star on the tip of the southern wing of Virgo by the length 
of the Pleiades, or less than that amount by its own diameter; and it seemed to 
be passing the star one moon to the north. Now the longitude of the fixed star at 
that time, according to us, was {) 2872°: hence the longitude of Venus was about 
mm 03°.° And the mean sun was in  1740°. So the greatest elongation from the 
mean as morning-star was 4736°. 

[4] In the twenty-first year of Hadrian, Mechir [VI] 9/10 in the Egyptian 
calendar [136 Dec. 25/26], in the evening, we observed Venus at its greatest 
elongation from the sun. It was in advance of the northernmost star of the four 
which almost form a quadrilateral (behind the star to the rear of and on a 
straight line with the [two] in the groin of Aquarius):’ [its distance from the star 
was] about two-thirds of a full moon, and it seemed about to obscure the star 
with its light.? Now the longitude of the fixed star at that time, according to us, 
was *% 20°; hence Venus was in about # 192°,? and the mean sun’s longitude 
was Vp 275°. 

Here too, then, the Oak elongation as evening-star was the same [as in [3] 
as morning-star], 4730°. And the points on the ecliptic halfway between the 
17%0° of the first observation and the Vp 275° of the second are again about m, 25° 
andG 207 


2. {On the size of [Venus’| epicycle} 


By these means, then, we determined that in our time the apogee and perigee of 
[Venus’] eccentre lie in 8 25° and m, 25°. Accordingly, we again looked for 
greatest elongations from the mean which occur when the sun is near 8 25° and 


1) | Beee4s5 a 


” Literally ‘a third of the first degree of Vir; go’. The longitude i in the catalogue (XX VII 5) isQ 
29°. Ptolemy subtracts 5’ for 1] years’ precession, adds 13° for the length of the Pleiades, and then 
subtracts 5’ for the diameter of Venus. (In the Planetary Hypotheses, ed. Goldstein p. 8 § 5, he 
estimates the apparent diameter of Venus as ioth of the sun’s, i.e. 3”). 

The stars in question are (according to Manitius’ identification): the quadrilateral, catalogue 
nos. XX XII 26-9; the two in the groin, nos. 15 and 16. The differences in the description here from 
the catalogue are so great that we must assume that this was originally written before the catalogue 
existed (as the date of the observation suggests). : 

® Reading kataAdpyeiv (with GD) for kataAdunev (‘seemed to be obscuring’) at H298,14—15. 
The word is a technical term for one bright body (the sun, as at VIII 6, H201,1, cf. kataAduwerc at 
XIII 7, H591,11, or the moon, as here) coming so close to another that it ‘outshines’ it and makes it 
no longer visible. 

* “two-thirds of a moon’ is only 20’, whereas Ptolemy subtracts 24’. Is the difference to account 
for the diameter of Venus? 


X 2. Location of Venus’ apogee 47] 


[1] In the [observations] given to us by Theon we find that in the thirteenth 
year of Hadrian, Epiphi [XI] 2/3 in the Egyptian calendar [129 May 19/20], 


Venus was at its greatest elongation from the sun as morning-star, and was 12° 


in advance of the straight line through the foremost of the 3 stars in the head of 
Aries and the star on the hind leg, while its distance from the foremost star of 


those in the head was approximately double its distance from the star on the leg. 
Now at that time, according to us, the foremost star of the 3 in the head of Aries 
had a longitude of [P] 63° and is 73° north of the cohptc, while the star in the 
hind leg of Aries had a longitude of 142°, and is 54° south os the ecliptic.’® 
Therefore the longitude of Venus was ? 103° and it was 13° south of the 
ecliptic. Hence, since the longitude of the mean sun at that time was 8 25 7 the 
greatest elongation from the mean was 442°. 

[2] In the twenty-first year of Hadrian, Tybi [V] 2/3 in the Egyptian 
calendar [136 Nov. 18/19], in the evening, we observed Venus at its greatest 


distance from the sun: when sighted with respect to the stars in the horns of 


Capricorn it was seen to occupy VP 122°, while the longitude of the mean sun 
was M, 252°. Hence in this position the greatest elongation from the mean comes 
out as 473°. 

Hence it is clear that the apogee lies in 8 25°, and the perigee in m 25°. 
Furthermore, it has also become plain to us that the eccentre of Venus carrying 
the epicycle is fixed, since nowhere on the ecliptic do we find the sum of the 
greatest clongations from the mean on both sides to be less than the sum of both 
in Taurus, or greater than the sum of both in Scorpius. 

With the above as data, let [Fig. 10.1] the eccentric circle, on which Venus’ 
epicycle is always carried, be ABG on diameter AG, on which D is taken as the 
centre of the eccentre, E as the centre of the ecliptic, and Aas the pointat 8 25°. 
About points A and G let there be drawn equal epicycles, on which lie points Z 
and H {respectively]. Draw the tangents EZ and EH, and join AZ, GH. 

Then, since Z AEZ, which is at the centre of the ecliptic, subtends the greatest 
elongation of the planet at the apogee, which is, by hypothesis, 442° 

/ AEZ < We where 4 right angles = 360° 
89;36°° where 2 right angles = 360°°. 

Therefore in the circle about right-angled triangle AEZ 

arc AZ = 89:40" 
and its chord AZ ~ 84;33° where hypotenuse AE = 120°. 
Similarly, since Z GEH subtends the greatest elongation at the perigee, 
which is, by hypothesis, 473°, 
47;20° where 4 right angles = 360° 
/ a= ne where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle GEH 
arc GH = 94;40° 
and its chord GH © 88;13? where hypotenuse EG = 120°. 


'° The stars in question are catalogue XXII] and 13 (note the diflerent descriptions there), with 
longitudes of 63° and 15°. The difference in the longitudes given here is -4’ and ~15’ respectively. 
One would expect about - 5’ for the precession in 8 years. Henc € Manitius emended 143 to 1473; but 
it is implausible to change, as he does. 2° 5’ to [> 3° ($44); for 3’ is writtenZ’ y’ 1p’ G4+34 wh), ey. 
H303,7. The stars in the alignment are too far apart to allow us to use it to check the text, so in the 
absence of any ms. variation I merely note the possibility of some corruption. 
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a12 X 2. Size of Venus’ epicycle 


Therefore where GH (= AZ), the radius of the epicycle, is 84;33°, and 
IND = TES 
EG = 115;1°, 

and obviously, by addition, AG = 235;1° 

and its half, AD ~ 117;30°, 
and, by subtraction, the distance between the centres, DE = 2;29°. 

Therefore where the radius of the eccentre, AD = 60°, 

the distance between the centres, DE ~ 13°, 
and the radius of the epicycle, AZ = 438°. 


3. {On the ratios of the eccentricities of the planet [Venus]}} 


But since it is not clear whether the uniform motion of the epicycle takes place 
about point D, here too we took two greatest elongations, in opposite directions 
[i.e. one as evening-star and the other as morning-star], in each of which'! the 
mean motion of the sun was a quadrant from the apogee. 

[1] We observed the first in the eighteenth year of Hadrian, Pharmouthi 
[VIII] 2/3 in the Egyptian calendar (134 Feb. 17/18]. In this Venus was at 


"Reading ég’ Exatépac (with CDG,Is) at H303,2 for ép’ éxadtepa (‘in both directions’). 
Corrected by Manitius. 


X 3. Determination of Venus’ equant from observations 473 


greatest elongation from the sun as morning-star, and when it was sighted with 
respect to the star called Antares [catalogue XXIX 8], its longitude was 
1173°, at which time the longitude of the mean sun was 2% 254°. So the greatest 
elongation from the mean as morning-star was 4373°. 

[2] We observed the second in the third year of Antoninus, Pharmouthi[ VIL] 
4/5 in the Egyptian calendar [140 Feb. 18/19], in the evening. In this Venus 
was at its greatest elongation from the sun, and when it was sighted with respect 
to the bright star in the Hyades [catalogue XXIII 14}, its longitude was P. 132°, 
while the longitude of the mean sun was again #° 253°. Hence in this case the 
greatest elongation from the mean as evening-star was 483°. 

With the above as data, let [Fig. 10.2] the diameter through the apogee and 
perigee of the eccentre be ABG; let A represent the point at 8 25°, and let B 
represent the centre of the ecliptic. Let our task be to find the centre about 
which we say that the uniform motion of the epicycle takes place. Let that 


A 


Coase 26) 


G) 


Fig. 10.2 


centre be point D, and draw DE through D perpendicular to AG, in order for 
the mean position of the epicycle to be a quadrant from the apogee, as in the 
observations. On DE take E to represent the centre of the epicycle at the 
observations in question, draw the epicycle ZH on it as centre, draw the 
tangents to it from B, BZ and BH, and join BE, EZ and EH. 

Then since, at the mean position in question, the greatest elongation from the 
mean as morning-star is, by hypothesis, 4375°, and the greatest as evening-star 
483°, 

by addition, Z ZBH = 91;55° where 4 right angles = 360°. 
Therefore its half, Z ZBE = 91;55°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle BEZ 
arcs, = 9Sp° 
and EZ = 86;16 where hypotenuse BE = 120°. 
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a4 X 3. Bisection of eccentricity demonstrated for Venus 


Therefore where the radius of the epicycle, EZ = 43;10" 
BE = 60;3°. 
Again, since the difference between the above greatest elongations (which is 
4:45°) comprises twice the equation of the ecliptic anomaly at that point, which 


is represented by Z BED, 
sae | ee where 4 right angles = 360° 
4;45°° where 2 right angles = 360°°. 
Therefore in the circle about right-angled triangle BDE 
arc BD = 4;45° 
and BD ~ 4;59° where hypotenuse BE = 120°. 
Therefore where BE = 60;3° and the radius of the epicycle is 43; 10°, 
BD~ 23°. 
But we showed [p. 472] that the distance between B, the centre of the ecliptic, 
and the centre of the eccentre on which the epicycle centre is always carried, is 
14° in the same units; thus it is half of BD. 
Therefore, if we bisect BD at ©, we have demonstrated’? that 
where @A, the radius of the eccentre carrying the epicycle, is 60°, 
each of the distances between the centres, BO and OD = 14”, 
and EZ, the radius of the epicycle, is 43;10°. 
OD: 


4. {On the correction of the periodic motions of the planet [Venus}}*? 


Such, then, is the method by which we determined the type of [Venus’] 
hypothesis and the ratios of its anomalies. For the periodic motions and 
epochs of the planet, once again [as for Mercury], we took two reliable 
observations, [one] from among ours, and [one] of the ancient ones. 

{1] In the second year of Antoninus, Tybi {V] 29/30 in the Egyptian 
calendar {138 Dec. 15/16], we observed the planet Venus, after its greatest 
elongation as morning-star, using the astrolabe and sighting it with respect to 
Spica: its apparent longitude was m 62°. At that moment it was also between 
and on a straight line with the northernmost of the stars in the forehead of 
Scorpius and the apparent centre of the moon, and was in advance of the 
moon’s centre 1} times the amount it was to the rear of the northernmost of the 
stars in the forehead. Now the [latter] fixed star had at that time, according to 
our coordinates, a longitude of m, 6;20°, and is 1:20° north of the ecliptic.'? The 
time was 44 equinoctial hours after midnight, since the sun was in about 2 23, 


” This is the only ‘demonstration’ of the ‘bisection of the eccentricity’ in the Almagest, although it 
is also assumed for the outer planets. However, this does not prove (contra HAMA 155) that 
observations of Venus were the historical origin of Ptolemy's introduction of the equant. It seems far 
more likely that it arose from the considerations Ptolemy himself outlines at X 6 (see p. 480, with 
n.24), for which Mars must have provided the most opportune observations. 

''On chs, 4 and 5 see HAMA 156-8. 

See catalogue XXIX 1. 


X 4. Observation of Venus by Ptolemy 475 


and the second degree of Virgo [i.e. m 1°-2°] was culminating according to the 
astrolabe. At that moment the positions were as follows:!> 


mean longitude of the sun T 29-9° 
mean longitude of the moon m, 11;24° 
anomaly of the moon, counted from apogee 87;30° 
[argument of] latitude of the moon, from the northern limit 2522" 
hence, true position of the moon’s centre m™, 5;45° 
[moon’s latitude] 5° north of the ecliptic 
apparent position [of the moon] at Alexandria in longitude m, 6;45° 
[apparent position of the moon in latitude] 4;40° north of the ecliptic. 


From these considerations too, then, Venus’ longitude was m, 6;30°, and it 
was 2;40° north of the ecliptic. 

With the above as data, let [Fig. 10.3] the diameter through the apogee be 
ABGDE. Let A represent the point at 8 25°, B the point about which the 
epicycle moves uniformly, G the centre of the eccentre carrying the epicycle 
centre, and D the centre of the ecliptic. Since the mean sun had a longitude of 
22;9° at the observation, the mean position of the epicycle is[ 2 22;9°-m, 25° =] 
27;9° towards the rear from the perigee at E. So let the epicycle centre be 
located at Z, and draw the epicycle HOK on Z as centre. Join DZH, GZ and 
BZO, and drop perpendiculars GL and DM from G and D on to BZ. Let the 
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Fig. 10.3 


5 The following data are calculated, accurately, not for 4;45 a.m., but for 4;30 a.m. Since the 
equation of time for a solar longitude of 7 23° is about - 17 mins., Ptolemy’s (silent) correction is 
justified. For 4,45 a.m. local time I find the culminating point as a little past Mp 1°, in agreement 
with the text. 
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476 X 4. Geometrical determination of anomaly from observation 


planet be located at point K, join DK and ZK, and drop perpendicular ZN [on 
to DK]. Let the problem be, to find the arc OK, which is the distance of the 
planet from the epicycle apogee © [at the observation]. 
Now since 
/ EBZ = eon where 4 right angles = 360° 
~ { 54;18°° where 2 right angles = 360°°, 
in the circle about right-angled triangle BGL 
arc Ghia 54? 
and arc BL = 125;42° (supplement). 
Therefore the corresponding chords 
= 54-46? 
mer a _ wes where hypotenuse BG = 120°. 
Therefore where BG = 1;15’ and GZ, the radius ofthe eccentre, is60”, 
GL = 0:37, 
and BL = 1;7°. 
And since ZG? - GL? = ZL?, 
ZL =~ 60° in the same units. 
And since BG = GD 
Mie Bie 1;7°], 
and DM = 2GL. 
Therefore, by subtraction [of ML from ZL], ZM = 58;53° 
and DM = 1;8? in the same units. 
Hence hypotenuse ZD[= \/ ZM? + DM?] © 58;54?. 
Therefore, where ZD = 120°, DM = 2;18°, 
and, in the circle about right-angled triangle DZM, 
are DM = 2127 
-. Z BZD = 2;12°° where 2 right angles = 360°, 
and, by addition [of Z EBZ and Z BZD], Z EDZ = 56;30°° in the same units. 
And, since the planet was 18;30° in advance of the perigee at E (i.e. M, 25°) at 
the observation, 
_ J 18;30° where 4 right angles = 360° 
ae eee where 2 right angles = 360°°. 
Therefore, by addition [of Z EDK to Z EDZ}, 
Z KDZ = 93;30°° where 2 right angles = 360°°, 
and, in the circle about right-angled triangle DZN, 
anc ZNp— 95-50 
Therefore its chord, ZN = 87;25° where ZD = 120°. 
So where ZD = 58;54?, i.e. where the epicycle radius ZK is 43:10°. 
ZN = 42;54?. 
-. ZN = 119;18 where hypotenuse ZK = 120°, 
and, in the circle about right angled triangle ZKN, 
arc ZN = 167:38°.'6 
“- Z ZKD = 167;38°° where Z ZDK has already been found as 93;30°°. 


'® The accumulated rounding error here is considerable. ZN should be about 119;16? rather than 
119;18°. Since this chord is so close to the maximum of 120°, the resulting error in the arc is great: 
accurate computation would give ZN = 167;22°, resulting ina not negligible change of 8’ in the final 
result (230;40°). 


X 4. Observation of Venus by Timocharis 477 


So, by addition, Z KZH = 261;8°°. 
And we showed that Z BZD (= Z HZ@) = 2;12°° in the same units. 
Therefore, by subtraction, Z OZK = ee per pent ihe a 
129;28° where 4 right angles = 360°. 
So the planet Venus, at the time in question, was the above distance, 129;28°, in 
advance of the epicycle apogee @, and, [therefore], in the motion [on the 
epicycle] assigned to it in the hypothesis, [namely] towards the rear, it was the 
difference of the above from one revolution, 230;32°, which was what we had to 
determine. 

[2] From the ancient observations we selected one which is recorded by 
Timocharis as follows. In the thirteenth year of Philadelphos, Mesore [XII] 
17/18 in the Egyptian calendar [-271] Oct. 11/12], at the twelfth hour, Venus 
was seen to have exactly overtaken”’ the star opposite Vindemiatrix. That is the 
star which, in our descriptions [catalogue XX VII 6], is the one following the 
star on the tip of the southern wing of Virgo, and which had a longitude of 
m 82° in the first year of Antoninus. Now the year of the observation is the 
476th from Nabonassar, while the first year of Antoninus is 884 [years] trom 
Nabonassar;'® to the 408 years of the interval corresponds a motion of the fixed 
stars and the apogees of about 473°. Hence it is clear that the longitude of Venus 
was Tp 46°, and the longitude of the perigee of its eccentre m, 2013°. And here too 
Venus was past its greatest elongation as morning-star; for 4 days after the 
above observation, on Mesore 21/22, as one can deduce from what Timocharis 
says, its longitude was TQ 85° according to our coordinates; and the mean 
position of the sun was = 17;3° at the first observation and = 20;59° at the next: 
thus its elongation at the first observation comes to 42;53° and at the next 42;9°. 

With the above as data, let there be drawn [Fig. 10.4] a figure similar [to the 
preceding], but which has the epicycle in advance of the perigee, since the mean 
longitude of the epicycle is  17;3°, while the longitude of the perigee is mM 


20;55°. Now for that reason 
33;52° where 4 right angles = 360° 
= . (2) eS she ten fe > 
eee 19") = Ss where 2 right angles = 360°°. 
Therefore, in the circle about right-angled triangle BGL, 
arc GL = 67;44° 
and arc BL = 112;16° (supplement). 


Therefore the corresponding chords 


= 5 p 
and : al where hypotenuse BG = 120°. 


Therefore where BG = 1;15° and the radiusoftheeccentre, GZ = 60°, 
GL = 0;42° 
and) Blea ek 


‘7 Most translations interpret this word (kate1An@edc) as ‘occulted’. Modern calculations show 
that no occultation occurred, since Venus passed about 12’ to the south ofn Vir. Nevertheless, since 
another observation where no occultation could have occurred is unambiguously described as an 
occultation (see p. 522 n.16), and kataAapBaverv denotes occultations by the moon at H28,15, 
H31,5, H32,7 and H33,9, the same is probably intended here. 

18 Reading 16 88 a’ Etoc ths "Avtwvivov Baciheiac ond tot dnd NaBovacodpov with 
DG,Ar) at H311, 4-5, for t 58 péypr ths “Avtwvivov Bacireiac wd’ of the other mss. The first 
year of Antoninus is the 885th in the era Nabonassar, but since this observation is towards the end of 
the Egyptian year, Ptolemy correctly counts to the end of Nabonassar 884. 
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A 


Fig. 10.4 
And since ZG? - GL? = ZL’, 
ZL~& 60°. 
And by the same reasoning [as before] 
H313 BL = LM 
and DM = 2GL. 


Therefore, by subtraction [of LM from ZL], ZM = 58;58° 
and DM = 1;24° in the same units. 
Hence hypotenuse ZD[= V ZM? + DM?] © 58;59?. 
Therefore, where ZD = 120°, DM = 2;51°, 
and, in the circle about right-angled triangle ZDM, 
are DM 3.2744" 
-. Z BZD = 2;44°° where 2 right angles = 360°°. 
And, by addition [of Z BZDand Z EBZ], Z EDZ = 70;28°° in the same units. 
And the distance of the planet in advance from the perigee, 
m nae 1901 . J 76;45° where 4 right angles = 360° 
£ EDR Gallas 98 = a | | 153;30°° where 2 right angles = 360°. 
Therefore, by subtraction, Z ZDK = 83;2°° in the same units, 
and, in the circle about right-angled triangle DZN, 
are ZN = Ogiz . 
So its chord ZN = 79;33°? where hypotenuse DZ =120?, 
and where DZ = 58;59°, i.e. where the epicycle radius ZK = 43;10?, 
ZN = 39-74 
Therefore, in the circle about right-angled triangle ZKN, 
where hypotenuse ZK = 120? 
ZN = 10845) 


X 5. Epoch positions of Venus in mean motion “19 


and are ZN © 130°. 
* £ DKZ = 130°° where Z ZDK has already been found as 83;2°°. 
And, by addition, Z OZK = 213;2°° in the same units. 
But we showed that Z BZD (= Z HZO) = 2;44°° in the same units. 
me wt _ J 215;46°° where 2 right angles = 360°° 
TnereleupeeitionSH ZR 107;53° where 4 right angles = 360°.!° 
At that moment, then, the distance of the planet Venus, [in the sense of 
rotation] towards the rear, from the epicycle apogee H was the difference from 
one revolution, 252;7°, which was what we had to determine. 

Now its distance from the apogee of the epicycle, in the same sense, at the 
moment of our observation was 230;32°. And the interval between the two 
observations comprises 409 Egyptian years and about 167 days, and 255 
complete revolutions in anomaly (for 8 Egyptian years produce approximately 
5 revolutions, so the 408 years produce 255 revolutions, while the remaining 
year plus the additional days do not complete the period of one revolution). So 
we have demonstrated that in 409 Egyptian years 167 days the planet Venus 
travels on the epicycle, beyond 255 complete revolutions in anomaly,”° 338;25°, 
which is the amount by which the position at our observation exceeded the 
earlier one. And approximately the same increment results from the mean 
motion tables which we set out above. For our correction of the mean motions 
was derived from the increment over complete revolutions we have found 
[above]: the time-interval was reduced to days, and the revolutions plus the 
increment to degrees. For then, when the total in degrees is divided by the total 
in days, there results the mean daily motion of Venus in anomaly which we set 
out previously.”! 


5. {On the epoch of [Venus’] periodic motions} 


Here, too, the task remains to establish the epochs of the periodic motions for 
the first year of the reign of Nabonassar, Thoth | in the Egyptian calendar, 
noon. We again took the interval between the latter moment and the moment of 
the more ancient observation. This comes to 

475 Egyptian years 3463 days approximately.”” 


The increment in mean motion corresponding to that interval in the columns 


'' The accumulated rounding error here amounts to 4’ (one finds 107;49°). 

0 Reading dv@padiasg (with DG) for dvwpoArev at H314,22. Corrected by Manitius. 

21 On the actual derivation of the mean motion for Venus see Appendix C, Ptolemy’s increment 
in mean motion, 338;25°, is the motion from 252;7° (above) to 230;32° (p. 477). The accumulated 
rounding errors in those figures (see p. 476 n.16 and above n. 19) lead to a difference in the increment 
of +4’, which would have an eflect on the resulting mean motion. Furthermore it is unclear what 
interval in days Ptolemy is actually using. He gives the round number 409° 167°. But the time of 
Ptolemy’ s observation is given as 4;45 a.m., and of Timocharis' as ‘at the 12th hour’ (interpreted as 
6 a.m. in X 5, see below n.22). So the terval should be 14 hours less than the above, or, if one 
corrects for the equation of time at Ptolemy’s observation, (cf. p. 475 n.15) 14 hours less. 

22 Tf one assumes that the observation of Timocharis (p. 477) was en at dawn, and applies 
the equation of time with respect to the epoch of era Nabonassar (about — 3 } hour), the interval given is 
approximately correct. But see n.23. 
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for anomaly is approximately 181°.*' Subtracting the latter from the 252;7° [of 
the position] at the observation, we get for the first year of Nabonassar, Thoth 1 
in the Egyptian calendar, noon: 

epoch in anomaly: ' 71;7° from the apogee of the epicycle. 
The mean position in longitude is again, by hypothesis, the same as the sun’s 
namely 

longitude: >€ 0:45". 
And it is obvious that, since the apogee [of the eccentre] was at about 8 20;55° 
at the observation, and to the intervening 476 years correspond approximately 
4;° [of motion of the apogee], at the moment of epoch the apogee will be in 
about 8 16;10°. 


6. {Preliminaries for the demonstrations concerning the other {3 outer] planets} 


Such, then, were the methods which we successfully used for these two planets, 
Mercury and Venus, to establish the hypotheses and demonstrate [the sizes of] 
the anomalies. For the other three, Mars, Jupiter and Saturn, the hypothesis 
which we find for their motion is the same [for all] and like that established for 
the planet Venus, namely one in which the eccentre on which the epicycle 
centre is always carried is described on a centre which is the point bisecting the 
line joining the centre of the ecliptic and the point about which the epicycle has 
its uniform motion; for in the case of each of these planets too, using rough 
estimation, the eccentricity one finds from the greatest equation of ecliptic 
anomaly turns out to be about twice that derived from the size of the retrograde 
arcs at greatest and least distances of the epicycle. However, the demonstrations 
by which we calculate the amounts of both anomalies and [the positions of] the 
apogees cannot proceed along the same lines for these planets as for the previous 
two, since these reach every possible elongation from the sun, and it is not 
obvious from observation, as it was from the greatest elongations for Mercury 
and Venus, when the planet is at the point where the line of our sight is tangent 
to the epicycle. So, since that approach is not available, we have used 
observations of their oppositions to the mean position of the sun to demonstrate, 
first of all, the ratios of their eccentricities and [the positions of] their apogees. 
For only in such positions [of the planet],”* considered from a theoretical point of 
view, do we find the ecliptic anomaly isolated, with no effect from the anomaly 
related to the sun. 

For let [Fig. 10.5] the planet’s eccentre, on which the epicycle centre is 
carried, be ABG on centre D, and let the diameter through the apogee be AG, 
on which point E is the centre of the ecliptic, and Z the centre of that eccentre 
with respect to which the epicycle’s mean motion in longitude is taken. Draw 
the epicycle HOKL on centre B, and join ZLBO and HBKEM. 

I say, first, that when the planet is seen along line EH through the epicycle 


** Computing from the table (IX 4) one finds for the stated interval 180;58,34°. Ptolemy has 
either rounded unjustifiably, or computed for a slightly longer interval. A motion of half an hour 
more (i.e. neglecting the equation of time, cf. n.22) produces 180;59,20°. 

** See HAMA 172. An ingenious analysis of the way in which Ptolemy arrived at the notion of the 
equant for the outer planets was made by Swerdlow, “The Origin of Ptolemaic Planetary Theory’. 
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A 


Fig. 10.5 


centre B, then the mean position of the sun, too, will always be on the same line, 
and that when the planet is at H it will be in conjunction®® with the mean sun 
(which will also, in theory, be seen towards H), and when the planet is at K it 
will be in opposition to the mean sun (which will be seen, in theory, towards M). 
[Proof:] For each of these [outer] planets, the sum of the mean motions in 
longitude and anomaly, counted from the apogee [of eccentre and epicycle 
respectively], equals the mean motion of the sun counted from the same 
starting-point. And the difference between the angle at centre Z (which 
comprises the mean motion of the planet in longitude), and the angle at E 
(which comprises the apparent motion in longitude),”° is always the angle at B 
(which comprises the mean motion on the epicycle). Hence it is clear that when 
the planet is at H, it will fall short of a return to the apogee © by Z HBO; but 
Z HBO added to Z AZB produces the angle comprising the sun’s mean motion, 
namely Z AEH, which is the same as the apparent motion of the planet.?’ And 
when the planet is at K, its motion on the epicycle, again, will be Z OBK, and 
Z ©BK + Z AZB equal the mean motion of the sun counted from the apogee A. 


*5 Reading ovvodevoet (with G, and possibly Ar, but the translations are ambiguous) for 
ovvodevet (‘is in conjunction’) at H318,18. 

26 By this expression (1, patvopévn Kata pTKOG Kivnoic) Ptolemy means, not the true position of 
the planet, but the position of the epicycle center as seen from the earth. Compare the expression f 
paivopévn éxi tod éEmkvKAov naépodoc at XII 2 (H470,11) to denote the ‘true anomaly’ (i.e. as 
counted from true and not mean perigee of the epicycle). 

271In fact Z AZB—- Z HB© =Z AEH. But what Ptolemy means is illustrated by Figs. P] and P2: in 
Fig. P] planet and mean sun are in conjunction. In Fig. P2 (= Fig. 10.5) they are again in 
conjunction. The epicycle has travelled through the angle K (4 AZB), the planet on the epicycle has 
travelled through @, and the mean sun through « + 360°. Then (from the figure) k =K — (360° - @) = 
& + @ — 460°. Hence the mean sun’s motion k + 360° = K + @. Failing to understand this, an inter- 
polator has inserted tovtéotiv AeipOe1ca bn’ abti¢ at H319,8, producing the strange result 
‘7 HBO added to Z AZB. i.e. subtracted from it.’ 
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Fig. P2 
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Thus the latter comprises 180° + (2 AZB - Z LBK) = 180° + Z GEM, i.e. the 
mean position of the sun will be opposite the apparent position of the planet. 

Hence, furthermore, in such configurations [i.e. mean conjunctions and 
oppositions], the line joining the epicycle centre B to the planet, and the line 
from E, our point of view, to the mean sun, will coincide in one straight line, but 
at all other (sun-planet] elongations [those vectors] will always be parallel to 
each other, although the direction in which they point will vary. 


A 


G 
Fig. 10.6 


[Proof:] In the above figure [see Fig. 10.6], if we draw the line BN from B to the 
planet in any situation, and the line EX from E to the mean sun, for the reasons 
stated above 

Z AEX = Z AZO + Z NBO,” 

and 4 AZO’= 7 AKH +2 HES. 
[-. Z AEX = Z AEH + Z NBO + Z HBO.] 
If we subtract Z AEH from both sides, 

Z MEX <2 HBN. 
Therefore line EX is parallel to line BN. 

Thus we find that in the above configurations of conjunction and opposition 
with respect to the mean sun, the planet is viewed, in theory, [along the line] 
through the centre of the epicycle, just as if its motion on the epicycle did not 
exist, but instead it were itself situated on circle ABG and were carried in 
uniform motion by the line ZB, in the same way as the epicycle centre 1s. Hence 
it is clear that it is possible to isolate and demonstrate the ratio of the ecliptic 
eccentricity by [both] such types of [planetary] positions, but since the 


8T.e. the mean motion of the sun equals the mean longitudinal motion of the planet plus the 
mean anomaly of the planet. 
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conjunctions are not visible, we are left with the oppositions”’ on which to build 
our demonstrations. 


7. {Demonstration of the eccentricity and apogee [position] of Mars}*° 


In the case of the moon we took the positions and times of three lunar eclipses, 
and demonstrated the ratio of the anomaly and the position of the apogee 
geometrically. So too, here, in the same way, for each of these [outer] planets, 
we observed the positions of three oppositions to the mean sun, as accurately as 
possible, using the astrolabe instruments, computed, too, the time and position 
for the precise 180° elongation®’ from the position of the mean sun at [each of] 
the observations, and thence demonstrate the ratio of the eccentricity and [the 
position of] the apogee. 

First, then, for Mars, we took three oppositions, which we observed as 
follows. *? 

[1] The first in the fifteenth year of Hadrian, Tybi [V] 26/27 in the Egyptian 
calendar [130 Dec. 14/15], 1 equinoctial hour after midnight, at about 1 
all 

[2] The second in the nineteenth year of Hadrian, Pharmouthi [ VIII] 6/7 in 
the Egyptian calendar [135 Feb. 21/22], 3 hours before midnight, at about 
§1 2ese0". 

[3] The third in the second year of Antoninus, Epiphi [XI] 12/13 in the 

’ Egyptian calendar [139 May 27/28], 2 equinoctial hours before midnight, 
atabout { 2;34>. 

The intervals between the above are as follows: 

From oppositions [1] to [2] 4 Egyptian years 69 days 20 equinoctial hours. 

From [2] to [3] 4 years 96 days 1 equinoctial hour. 

For the first interval we compute a [mean] motion in longitude, beyond 

complete revolutions, of 81;44° 

and for the second interval, 95;28°. 

Even if we used the crude periods of return, which we listed above, to compute 

the mean motions, it would make no significant difference over such a short 

interval.*? 


GkpOVvvKTOL GYNPATtopOI, literally ‘configurations {at which the planet rises and sets] at the 
beginning and end of night’. 

3° On the method used to find the eccentricities of the outer planets see HAMA 172-7, Pedersen 
273-83. 

5! Reading d:apétpov otdoems (with DG,Ar) for diactacews ‘elongation’ at H322,1. 

3? The times are arrived at by computing the position of the mean sun. Therefore the computed 
position of the mean sun at the time stated ought to be exactly 180° different from the longitudes 
given. I find, from the solar mean motion tables, 260;58,55° (instead of 261°), 328;50,22° (for 
328;50°) and 62;31,45° (for 62;34°). The latter discrepancy represents about half an hour in solar 
motion. Could Ptolemy have applied the equation of time (which is about -253 mins. compared 
with epoch) here? If'so, he was mistaken, since all the computations are in terms of mean solar days. 

*3 Ptolemy is referring to the crude periods of IX 3. Thus for Mars (cf. p. 424) in 79 solar years 
occur 37 returns in anomaly and 42 returns in longitude. Assuming Ptolemy’s year-length of 
365;14,48°, one finds from this, for 4 69° 20", a longitudinal increment of 81;39°, and, for # 96° 1°, 
95;23°. Using Ptolemy’s procedure, and carrying out three iterations, I find from the above data 2e 
= 11;57°, distance of 3rd opposition from perigee ~ 44°. Comparison with Ptolemy’s results from 
the more accurate data, 12” and 44;21°, shows that the differences are indeed negligible. 
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It is obvious that the apparent motion of the planet, beyond complete 
revolutions, is 
for the first interval 67250? 
and for the second interval 93;44°. 

Then [see Fig. 10.7] let there be drawn in the plane ot the ecliptic three equal 
circles: let the circle carrying the epicycle centre ot Mars be ABG oncentre D, the 
eccentre of uniform motion EZH on centre ©, and the circle concentric with the 
ecliptic KLM on centre N, and let the diameter through all [three] centres be 
XOPR. Let A be the point at which the epicycle centre was at the first 
opposition, B the point where it was at the second opposition, and G the 
point where it was at the third opposition. Join @AE, OBZ, OHG, NKA, NLB 
and NGM. Then arc EZ of the eccentric {equant] is 81;44°, the amount of the 
first interval of mean motion, and arc ZH is 95;28°, the amount of the second 
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interval. Furthermore arc KL of the ecliptic is 67;50°, the amount of the first 
interval of apparent motion, while arc LM is 93;44°, the amount of the second 
interval. 

Now if arcs EZ and ZH of the eccentric [equant] were subtended by arcs KL 
and LM of the ecliptic, that would be all we would need in order to demonstrate 
the eccentricity.** However, as it is, they®? [arc KL and arc LM] subtend arcs 
AB and BG of the middle eccentre, which are not given; and if we join NSE, 
NTZ, NHY, we again find that arcs EZ and ZH of the eccentric [equant] are 
subtended by arcs ST and TY of the ecliptic, which are, obviously, not given 
either. Hence the difference arcs,*° KS, LT and MY, must first be given, in order 
to carry out a rigorous demonstration of the ratio of the eccentricity starting 
from the corresponding arcs, EZ, ZH, and ST, TY. But the latter [arcs ST and 
TY] cannot be precisely determined until we have found the ratio of the 
eccentricity and [the position of] the apogee; however, even without the 
previous precise determination of eccentricity and apogee, the arcs are given 
approximately, since the difference arcs are not large. Therefore we shall first 
carry out the calculation as if the®” arcs ST, TY did not differ significantly from 
the arcs KL, LM. 

For [see Fig. 10.8] let the eccentre of mean motion of Mars be ABG, on which 
A is taken as the point of the first opposition, B of the second, and G of the third. 
Inside the eccentre take D as the centre of the ecliptic, which is our point of 
view, draw in every case [where one has to carry out this kind of calculation] the 
lines joining the points of the three oppositions to the observer (as here AD, BD 


Fig. 10.8 


**For the situation would be identical with that of the lunar hypothesis (IV 6). 

os Reading abdtat (with A,B [not reported by Heiberg]. Ar) for adtai at H324,8. 

bt The arcs forming the differences between arc KL and arc TS, and between arc LM and arc TY. 

Reading napa tac KAM t@v ZTY nepipeperSv, at H324,22, for napa tac KAM, ETY 
meEprpeperOv (‘as if arcs did not differ significantly from [arcs] KLM and STY’, which is senseless). 
My text is the reading of all mss., Greek and Arabic. Heiberg omitted Y@v through a slip or a 
misprint. Because Manitius did not realize this, his translation here is badly flawed. 
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and GD), and, as a universal rule, produce one of the three lines so drawn to 
meet the circumference of the eccentre on the other side (as here GDE), and 
draw the line joining the other two opposition points (as in this case AB). Then, 
from the point where the straight line produced intersects the eccentre (as E), 
draw the lines joining it to the other two opposition points (as here EA and EB), 
and drop perpendiculars [from the point corresponding to E] on to the lines 
joining the above-mentioned two points to the centre of the ecliptic (in this case, 
diop EZ on to AD, and EH on to BD). Also, drop a perpendicular from one of 
those two points on to the line joining the other with the extra point generated 
on the eccentre (as here, perpendicular A® on to line BE). If we always observe 
the above rules when drawing this type of figure, we will find that the same 
numerical ratios result however we decide to draw it.*® The remainder of the 
demonstration will become clear as follows, on the basis of the above arcs for 
Mars. 
Since are BG of the eccentre is given as subtending 93;44° of the ecliptic, the 
angle at the centre of the ecliptic, 
93;44° where 4 right angles = 360° 
ae = { 187;28°° where 2 right angles = 360°, 
and its supplement, Z EDH = 172;32°° in the same units. 
Therefore, in the circle about right-angled triangle DEH, 
are Eitl= 172-62" 
and EH = 119;45 where hypotenuse DE = 120°. 
Similarly, since arc BG = 95;28° 
the angle at the circumference, Z BEG = 95;28°° where 2 right angles = 360°°. 
But we found that Z BDE = 172;32°° in the same units. 
Therefore the remaining angle [in triangle BDE}], 
Z EBH = 92° in the same units. 
Therefore, in the circle about right-angled triangle BEH, 
are ERP = 92° 
and EH = 86;19" where hypotenuse BE = 120°. 
Therefore where EH, as we showed, is 119;45°, and ED = 120°, 
BE 166:29". 
Again, since the whole arc ABG of the eccentre is given as subtending 
[93;44° + 67;50° =] 161;34° of the ecliptic (the sum of both intervals), 
Z ADG = 161;34° where 4 right angles = 360°, 
and, by subtraction [from 180°], 
18;26° where 4 right angles = 360° 
ere Lee where 2 right angles = 360°°. 
Therefore, in the circle about right-angled triangle DEZ, 
ate EZ. =036;92° 
and EZ = 37;57° where hypotenuse DE = 120°. 
Similarly, since arc ABG of the eccentre is, by addition [of 81;44° to 95;28°], 
Weare. 
Z AEG = 177;12°° where 2 right angles = 360°°. 
But we found that Z ADE = 36;52°° in the same units. 


38 Te. whichever of the lines AD, BD, GD we decide to produce. 
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Therefore the remaining angle [in triangle ADE], 
Z DAE = 145;56°° in the same units. 
Therefore, in the circle about right-angled triangle AEZ, 

arc EZ = 145;56° 

and EZ = 114;44? where hypotenuse AE = 120°. 
Therefore, where EZ, as was shown = 37;57°, and ED = 120°, 

AE = 39;42°. 

Again, since arc AB of the eccentre = 81;44°, 

Z AEB = 81;44°° where 2 right angles = 360°°. 

Therefore, in the circle about right-angled triangle AEO, 

arc A® = 8];44° 
and arc E© = 98;16° (supplement). 
Therefore the corresponding chords 

.QyP 

a es z oe where hypotenuse AE = 120°, 

Therefore where AE, as was shown, is 39;42°, and DE is given as 120°, 
OA = 25358" 
and EO = 30;2°. 

But the whole line EB was shown to be 166;29° in the same units. 

Therefore, by subtraction, OB = 136;27? where OA = 25;58°. 
And @B? = 18615;16,°° 
OA? = 674,16, 
so AB* = OB? + OA? = 19289;32. 
-. AB = 138;53° where ED = 120° and AE = 39;42?. 
But, where the diameter of the eccentre is 120°, AB = 78;31°, 
since it subtends an arc of 81:44°. 
Therefore where AB = 78;31°, and the diameter of the eccentre is 120°, 
ED 267,508 
and AE = 22;44?. 
Therefore arc AE of the eccentre is 21;41°.*° 
And, ‘by addition, arc EABG = [177;12> + 21-41° =] 1982532" 
Therefore the remaining arc GE = 161;7° 
and the corresponding chord GE = 118;22° where the diameter of the eccentre 
is 120°, 

Now if GE had been found equal to the diameter of the eccentre, it is obvious 
that the centre would lie on GE, and the ratio of the eccentricity would 
immediately be apparent. But, since it is not equal [to the diameter], but makes 
segment EABG greater than a semi-circle, it is clear that the centre of the 
eccentre will fall within" the latter. Let it be at K [Fig. 10.9], and draw through 


%° The square of 136;27 is 18618;36 to the nearest minute. The error has no significant effect on the 
size of AB below. 

*° There are some serious errors here. For the chord AE one should find, from Ptolemy’s figures, 
22:27", and this is indeed the reading of Ger (but not the rest of the Arabic tradition) at H329,6. The 
arc of the latter, however, is not 21;41°, but 21;34°. Ptolemy’s result (guaranteed by his further 
calculations), 21;41°, is the arc of 22;34°. It looks as if the errors are Ptolemy’s own (hence the 
reading of Ger is a misguided emendation). Did Ptolemy compute 22;27° — 21;34°, and then, 
misreading his own notes, 22;34” + 21;41°? 

*! Reading évtdc¢ tovtov (with DG) at H329,17 for mpdc tovte (‘at the latter’). Corrected by 
Manitius. 


X 7. Preliminary determination of Mars’ apogee and eccentricity 489 


Eas 


M 


Fig. 10.9 


D and K the diameter through both centres, LKDM, and drop perpendicular 
KNX from K on to GE. 
Then, since, as we showed, EG = 118;22° where diameter LM = 120?, H330 
and DE = 67;50° in the same units, 
by subtraction, GD = 50;32? in the same units. 
Then, since ED.DG = LD.DM,*” 
EDOM = (67:50 x 50;32 =} 3427551. 
But (LD.DM) + DK? equals the square on half the whole line [LD + DM],*° 
i.e. (LD.DM) + DK? = LK’. 
Now the square on the halfis 3600,and (LD.DM) = 3427;51, 
so DK? = 3600 - 3427;51 = 172;9, 
and the distance between the centres, 
DK & 13;7° where the radius of the eccentre, KL = 60°". 
Furthermore, since 
GN =iGE = 59;11" where diameter LM = 120°, 
and, as we showed, GD = 50;32° in the same units, H331 
by subtraction, DN = 8;39° where DK was computed as 13;7°. 
Therefore in the circle about right-angled triangle DKN, 
DN = 79;8° where hypotenuse DK = 120?, 
and arc DN@ 82:00°. 
: 82;30°° where 2 right angles = 360°° 
a. eee where 4 right angles = 360°. 
And since Z DKN is an angle at the centre of the eccentre, 
arc MX = 41;15° also. 


* Euclid TI 35. 
3 Euclid II 5. 
* Accurate computation from Ptolemy’s original data gives about 13;23”. 
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But the whole arc GMX = } arc GXE [= 3. 161;7°] = 80;34°. 
Therefore, by subtraction, the arc from the third opposition to the perigee, 
arc GM = 39;19°.* 
And it is obvious that, since arc BG is given as 95;28°, 
by subtraction, the arc from the apogee to the second opposition, 
arc LB [= 180° = (95;28° + 39819°)] =45; 13°, 
and that, since arc AB is given as 81;44°, ; 
by subtraction, the arc from the first opposition to the apogee, 
are AL [= arc AB - arc LB] = 36;31°. 
Taking the above quantities as given, let us investigate the differences which 
H332 can be derived from them in the ecliptic arcs which we seek to determine at each 
of the oppositions [in turn]. Our investigation proceeds as follows. 


Fig. 10.10 


[See Fig. 10.10.] From the previous figure [10.7] for the three oppositions let 
us draw separately the part representing the first opposition, draw the 
additional line AD, and drop perpendiculars DF and NQ from points Dand N 
on to A® produced. 

Then, since arc XE = 36:31°, 
_ J 36;31° where 4 right angles = 360° 
eee a 73;2°° where 2 right angles = 360°°. 
And the vertically opposite angle DOF = 73;2°° in the same units also. 
Therefore, in the circle about right-angled triangle DOF, 
are DE = 73:22 
and arc OF = 106;58° (supplement). 
Therefore the corresponding chords 


_ 71.90? 
a" a . da where hypotenuse D@ = 120°. 
H333 Therefore where DO = 6;332” and the radius of the eccentre, DA = 60°, 
DE] 352 
and FO = 5;16°. 


** Accurate computation from Ptolemy’s data gives 39;10°. 
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And since DA? - DF? = FA?, 
AF = 59:52? 
and, since QF = FO, 
by addition [of QF to FA], QA = 65;8° 
where NO = 2DF = 7:48". 
Hence hypotenuse [of right-angled triangle NAQ] 
NA = 65;36° in the same units. 
Therefore, where NA = 120°, NO = 14;16?, 
and, in the circle about right-angled triangle ANQ, 
arc NQ = 13;40° 
“- Z NAQ = 13;40°° where 2 right angles = 360°°. 
Again, since QN was shown to be 7;48" and QO [= 2FO] to be 10;32?, 
where the radius of the eccentre, OE = 60°, 
by addition, QOE = 70;32° in the same units, 
and hence the hypotenuse [of right-angled triangle QNE] 
NE ~ 71? in the same units. 
Therefore, where NE = 120°, QN = 13;10°,*° 
and, in the circle about right-angled triangle ENQ, 
arc ON = 12;36°, 
“. Z NEQ = 12;36°° where 2 right angles = 360°°. 
But we found that Z NAQ = 13;40°° in the same units. H334 
Therefore, by subtraction [of Z NEQ from Z NAQ], 
_ J 1;4°° where 2 right angles = 360°° 
le tpi where 4 right angles = 360°. 
That [0;32°], then, is the amount of arc KS of the ecliptic. 
Next, draw a similar figure containing [the part of] the diagram for the 
second opposition [Fig. 10.11]. 


Fig. 10.11 


46 The roundings here are particularly crude: from the immediately preceding numbers one finds 
NE = 70;57,48°, whence QN = 13;11,24?. Even NE = 71? leads to QN = 13;10,59?. 
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Then, since arc XZ is given as 45;13°,*” 
: 45;13° where 4 right angles = 360° 
ee a | Sees where 2 right angles = 360°°, 
and the vertically opposite angle DOF = 90;26°° in the same units, also. 
Therefore, in the circle about right-angled triangle DOF, 
are DE= 90;26° 
and arc FO = 89;34° (supplement). 
Therefore the corresponding chords 


— 25.10)? 
a 7 a al where hypotenuse DO = 120°. 
11355 Therefore where DO = 6;333"and the radius ofthe eccentre, DB = 60?, 
DF = 4;39° 
and FO = 4;38°. 
And since DB? - DF? = BF’, 
FB = 59;49°, 


and, since FQ = FO, 
by addition, QB = 64;27° where NQ (= 2DF) is computed as9; 18°. 
Therefore hypotenuse [of right-angled triangle NOB] 
NB = 65;6°*8 in the same units. 
Therefore, where NB = 120°, NQ = 17;9°, 

and, in the circle about right-angled triangle BNQ, 

arc NQ = 16;26° 

-- Z NBQ = 16;26°° where 2 right angles = 360°°. 
Again, since NQ was shown to be 9;18", and QO [= 2FO] = 9,16", 
where the radius of the eccentre, ZO = 60°, 
by addition, QOZ = 69;16° in the same units. 

Hence hypotenuse NZ [of right-angled triangle NQZ] = 69;52?. 
Therefore, where hypotenuse NZ = 120°, NQ =~ 16°, 
and, in the circle about right-angled triangle ZNQ, 

arc NO =b 207. 

H336 -» Z NZQ = 15;20°° where 2 right angles = 360°°. 
But we found that Z NBQ = 16;26°° in the same units. 
: 1;6°° in the same units 
Therefore, by subtraction, Z BNZ = ie wheredanigiimandlts — 360% 
That [0;33°], then, is the amount of arc LT of the ecliptic. 

Now, since we found arc KS as 0;32° for the first opposition, it is clear that the 
first interval, taken with respect to the eccentre,*® will be greater than the 
interval of apparent motion by the sum of both arcs, [namely] 1;5°, and [hence] 
will contain 68;55°. 

Then let [the part of] the diagram for the third opposition be drawn [Fig. 
10.12]. Now, since arc PH is given as 39;19°, 

/ POH = ee where 4 right angles = 360° 
78;38°° where 2 right angles = 360°°. 


*7Cf. arc LB on p. 490. 

#8 Reading Ee (with D,Ar) for £6 (69;6) at H335,9. The correction is assured by the preceding and 
subsequent computations. 

*T.e. the equant: this is made explicit'in XI 1 p. 515. See n.7 there. 
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G 
W D 


Fig. 10.12 


Therefore, in the circle about right-angled triangle DOF, 
are Dr =7873e° 
and arc OF = 101;22° (supplement). 
Therefore the corresponding chords 
s  eaP 
ame al : al where hypotenuse DO = 120°. 
Therefore where the distance between the centres, DO = 6;333", and the radius 
of the eccentre, DG = 60°, 
DF = 4;9° 
and OF = 5;4?. 
And since GD? - DF? = GF?, 
GPie595)", 
and, since OF = FQ, 
by subtraction, GQ = 54:47" where NO (= 2DF) is computed as 8; 18”. 
Hence hypotenuse [of right-angled triangle NGQ] 
NG = 55;25° in the same units. 
Therefore, where NG = 120°, NQ = 17;59?, 
and, in the circle about right-angled triangle GNO, 
ane NO = 17;14° 
“ Z NGO = 17;14°° where 2 right angles = 360°°. 
Again, since NQ was shown to be 8;18", and @Q [= 2FO] = 10;8°, 
where the radius of the eccentre, OH = 60°, 
by subtraction, QH = 49;52? in the same units, 
and therefore hypotenuse NH [of right-angled triangle NHOJ = 50333", 
Therefore, where NH = 120°, NQ = 19;42, 
and, in the circle about right-angled triangle HNQ, 
are NQ = 18354°. 
“ Z NHQ = 18;54°° where 2 right angles = 360°°. 
But we showed that Z NGQ = 17;14°° in the same units. 
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74 X 7. First and second iterations for Mars 


1;40°° in the same units. 
0:50° where 4 right angles = 360°. 
That [0;50°], then, is the amount of arc MY of the ecliptic. 

Now since we found arc LT as 0;33° for the second opposition, it is clear that 
the second interval, taken with respect to the eccentre, will be less than the 
interval of apparent motion by the sum of both arcs, [namely] 1;23°, and will 
[thus] contain 92;21°. 

Using the ecliptic arcs thus computed for the two intervals, and, once more, 
the original arcs assumed for the eccentric [equant], and following the theorem 
demonstrated above [pp. 486-9] for such elements, by means of which we 
determine [the position of] the apogee and the ratio of the eccentricity, we find 
(not to lengthen our account by going through the same [computations in detail 
again}), 
the distance between the centres, DK = 11;50° where the radius of the eccentre 

is 60°; 
the arc of the eccentre from the third opposition to the perigee, GM = 45;33°.°° 
Hence arc LB = [160" = (95:28" 445;33")] = 3870 
andtare AL = [8)344° =so8380" | ="42e25% 
Next, starting from these [arcs] as data, we found from our demonstration for 
each of the oppositions [separately | the following amounts for the true size ofeach 
of the arcs in question: 


Therefore by subtraction, Z GNH = | 


arc KS 0;28° 
arc LT, about the same, 0;28° 
and arc MY 0;40.°! 


We combined the [corrections]for the first and second oppositions, added the 
resulting 0;56° to the ecliptic arc of the first interval, 67;50°, and got the accurate 
interval with respect to the eccentre as 68;46°. Again, combining the 
[corrections] for the second and third oppositions, and subtracting the resulting 
1;8° from the apparent motion on the ecliptic over the second interval, 93;44°, 
we got the accurate interval with respect to the eccentre as 92;36°. 

Next, using the same procedure [as before], we determined a more accurate 
value for the ratio of the eccentricity and [the position of] the apogee; we found 
the distance between the centres, DK ~ 12° where the radius of the eccentre, 

KL = 60°, 
arc GM of the eccentre = 44;21°,°? 
whence, again, arc LB = 40;11° 
and are AL = 41;33°. 

Next, we shall show by means of the same [configurations] that the observed 
apparent intervals between the three oppositions are found to be in agreement 
with the above quantities. 


°° From Ptolemy’s elements, AA, = 81;44°, Ah, = 95;28°, AX, = 68;55°, AX, = 92:21°, Icompute 2e = 
11;50°, GM = 45;28°. 

°' From a double eccentricity of 11;50° and Ptolemy’s values for arcs GM, LBand AL, I find: arc 
Io = 02724926 arc El 3026 512 arene 0-592 oile. 

*’ From Ptolemy's elements I find: DK = 11;59,50° + 12°, arc GM = 44;18,45°~ 44:19°. Ptolemy is 
quite right to terminate his calculation here, since a further iteration produces a change in the 
eccentricity of less than 0;0,30° and in the line of the apsides of less than 5’. 
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Fig. 10.13 


Let there be drawn [Fig. 10.13] the diagram for the first opposition, but 
with only eccentre EZ, on which the epicycle centre is always carried, drawn in. 
Then 

Z AOE = 41;33° where 4 right angles = 360°, 
so where 2 right angles = 360°°, 
Z AOE = 83;6°° = Z DOF (vertically opposite). 
Therefore, in the circle about right-angled triangle DOF, 
are DF = 63;6° 
and arc FO = 96;54° (supplement). 
Therefore the corresponding chords 
~ 79-35? 
aie A i ae where hypotenuse DO = 120°. 
Therefore where D© = 6° and hypotenuse [of right-angled triangle 
DAF] DA = 60°, 
DE = 35a 
and FO = 4;30?. 
And since DA? - DF? = FA’, 
FA = 59;50° in the same units. 
Furthermore, since FO = FQ and NQ = 2DF, 
by addition, AQ = 64;20° where NQ-= 7;57°. 
Hence hypotenuse [of right-angled triangle NAQ] NA = 64:52" inthe same units. 
Therefore where NA = 120°, NQ = 14;44°, 
and, in the circle about right-angled triangle ANQ, 
are IN@ =) 14:6° 
; | 14;6°° where 2 right angles = 360°° 
— wag={ 7;3° where 4 right angles = 360°. 
But Z AOE = 41;33° in the same units. 
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496 X 7. Verification: Mars’ Ist and 2nd oppositions 
Therefore, by subtraction, the angle of the apparent position, 2 ANE = 34;30°. 
This is the amount by which the planet was in advance of the apogee at the first 


opposition. 
HsA2 Let a similar diagram [Fig. 10.14] be drawn again for the second opposition. 
Then the angle of the mean position of the epicycle, 


E 


z 


Fig. 10.14 


Z BOE = 40;11° where 4 right angles = 360°, 
so where 2 right angles = 360°°, 
Z BOE = 80;22°° = Z QON (vertically opposite). 

Therefore, in the circle about right-angled triangle DOF, 

are DF = 3022" 

and arc FO = 99;38° (supplement). 
Therefore the corresponding chords 
= 77-96? 

Ae 7 a Me where hypotenuse D@ = 120°. 

Therefore where D© = 6° and hypotenuse [of right-angled triangle 


DBF] DB = 60°, 
DF = 3:52? 
and FO = 4;35°. 


And since DB’ - DF? = BF”, 
BF = 59;53" in the same units. 
And, by the same argument [as before],°° 
P43 since FO’ = FOVand NO= 2 DE. 
by addition, BQ = 64;28° where NQ = 7,44. 
Hence hypotenuse [of right-angled triangle BNQ] BN = 64,56" inthesame units. 


** Reading katé tadté (as D, katé ta adta, Ar) for Kate tadta (‘according to this’) at H342,23. 
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Therefore, where hypotenuse BN = 120°, NQ = 14;19°,* 
and, in the circle about right-angled triangle BNQ, 
areeN@)= 13;42°. 
: Z NBQ = 13342 * where 2 right angles = 360°° 
6;51° where 4 right angles = 360°. 
But Z BOE = 40;11° in the same units. 
Therefore, by subtraction, the angle of apparent position, 
Z ENB = 33;20° in the same units. 
That [33;20°], then, is the amount by which the planet, in its apparent motion, 
was to the rear of the apogee at the second opposition. And we showed that at 
the first opposition it was 34;30° in advance of the apogee. Therefore the total 
distance [in apparent motion] from first to second opposition comes to 67;50°, in 
agreement with what we derived from the observations [p. 485]. 
Let the diagram for the third opposition be drawn in the same way [Fig. 
10.15]. In this case the angle of the mean position of the epicycle, H344 
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Fig. 10.15 


44;21° where 4 right angles = 360° 
poe ae where 2 right angles = 360°°. 
Therefore, in the circle about right-angled triangle DOF, 
arc DF = 88;42° 
and arc F@ = 91;18° (supplement). 
Therefore the corresponding chords 
IDF 733553" 


d FO = 85 a where hypotenuse DO = 120°. 
an 00; 


547-44 x 120/64;56 = 14;17,30, but if one carries out the above computations to 2 fractional 
sexagesimal places, one finds NQ = 14;18,41°. As often, Ptolemy computed with greater accuracy 
than the text implies. 
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Therefore where D© = 6° and the radius of the eccentre, DG = 60°, 
DF = 45113? 
and FO = 4;17°. 
And since DG? - DF? = GF”, 
we find that GF = 59;51° in the same units. 
Furthérmore, since FO = FQ, and NQ = 2DF, 
we find by subtraction thatQG = 55;34? where NQ = 8;23°, 
Hence we find that hypotenuse [of right-angled triangle GNQ] 
GN = 56;12° in the same units. 
Therefore, where hypotenuse GN = 120°, NQ = 17;55°, 
and, in the circle about right-angled triangle GNQ, 
arc NO=a 7G, 
: 17;10°° where 2 right angles = 360°° 
Oe -{ 8;35° where 4 right angles = 360°. 
But Z GOZ = 44;21° in the same units. 
Therefore, by addition, 2 GNZ = 52;56° in the same units. 
That [52;56°], then, is the amount by which the planet was in advance of the 
perigee at the third opposition. But we also showed that at the second opposition 
it was 33;20° to the rear of the apogee. So we have found 93;44° between the 
second and third oppositions, computed by subtraction [of the sum of 52;56° and 
33;20° from 180°], inagreement with the amount observed for the second interval 
[p. 485]. 

Furthermore, since the planet, when viewed at the third opposition along line 
GN, had a longitude of 7 2;34° according to our observation [p. 484], and angle 
GNZat the centre of the ecliptic was shown to be 52;56°, it isclear that the perigee 
of the eccentre, at point Z, had a longitude of { 7 2;34° + 52;56° =] Y 25;30°, 
while the apogee was diametrically opposite in 5s 25;30°. 

And if [see Fig. 10.16] we draw Mars’ epicycle KLM on centre Gand produce 
line OGM,” we will have, for the moment of the third opposition: 

mean motion of the epicycle counted from apogee of the eccentre: 135;39° 

(for its supplement, Z GOZ, was shown to be 44;21°); 

mean motion of the planet from the epicycle apogee M (i.e. arc MK):171;25° 

(for Z OGN was shown to be 8;35° [above], and since it is an angle at the 

centre of the epicycle, the arc KL from the planet at K to the perigee at L is 

also 8;35°, hence the supplementary arc from the apogee M to the planet at K 

is, as already stated, 171;25°). 

Thus we have demonstrated, among other things, that at the moment of the 
third opposition, i.e. in the second year of Antoninus, Epiphi 12/13 in the 
Egyptian calendar, 2 equinoctial hours before midnight, the mean positions of 
the planet Mars were: 


in longitude (so-called) from the apogee of the eccentre: logo" 
in anomaly from the apogee of the epicycle: RAZ". 
© ED: 


°° Reading OFM (with al-Haijjaj) for OF (OG) at H345,22. 
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a 


Fig. 10.16 


8. {Demonstration of the size of the epicycle of Mars}** 


Our next task is to demonstrate the ratio of the size of the epicycle. For this 
purpose we took an observation which we obtained by sighting [with the 
astrolabe] about three days after the third opposition, that is, in the second year 
of Antoninus, Epiphi [XI] 15/16 in the Egyptian calendar [139 May 30/31], 3 
equinoctial hours before midnight. [That was the time,]} for the twentieth 
degree of Libra [i.e.  19°-20°] was culminating according to the astrolabe, 
while the mean sun was in LT 5;27° at that moment. Now when the starontheear 
of wheat [Spica] was sighted in its proper position [on the instrument], Mars 
was seen to have a longitude of f 1 2°. At the same time it was observed to be the 
same distance (12°) to the rear of the moon’s centre. Now at that moment the 
moon’s position was as follows:”’ 


mean longitude Pf 4:20° 

true longitude m, 29;20° 
(for its distance in anomaly from the epicycle apogee was 92°) 

apparent longitude wa 


So from these considerations too the longitude of Mars was f 1;36°, in 
agreement with the [astrolabe] sighting. 
Hence, clearly, it was 53;54° in advance of the perigee.” 


56 On the method employed here see HAMA 179-80, Pedersen 283-6, 

*’ These positions are computed (accurately), not for 9 p.m., but for 8; 37 p.m., i.e. Ptolemy has 
applied the equation of time with respect to epoch as - 23 rites (it should be about —253 mins.) 

8 Literally ‘at the beginning of Sagittarius’. 

59 Which was in VP 25;30° (X 7 p. 498). 
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500 X 8. Geometrical determination of size of Mars’ epicycle 


And the interval between the third opposition and this observation comprises 
in longitude about 1;32° 
in anomaly ; about 1;21°.°° 

If we add the latter to the [mean] positions at the opposition in question” as 

demonstrated above, we get, for the moment of this observation; 
distance of Mars in longitude from the apogee of the eccentre: eis Os 
distance in anomaly from the apogee of the epicycle: _ 172346" . 
With these elements as data, let [ Fig. 10.17] the eccentric circle carrying the 

centre of the epicycle be ABG on centre D and diameter ADG, on which the 
centre of the ecliptic is taken at E, and the point of greater eccentricity [i.e. the 


A 


equant] at Z. Draw the epicycle HOK on centre B, draw ZKBH, EOBand DB, 
H349 and drop perpendiculars EL and DM from points D and E on to ZB. Let the 
planet be situated at point N on the epicycle, join EN, BN, and drop 
perpendicular BX from B on to EN produced. 
Then, since the planet’s distance from the apogee of the eccentre is 137;11°, 
an o_ 197.1100). 42:49° suhenert mighmemples=1560° 
Les ees -1{ 85;38°° where 2 right angles = 360°°. 
Therefore, in the circle about right-angled triangle DZM, 
are DM = 85:56 
and arc ZM = 94;22° (supplement). 
Therefore the corresponding chords 


° These mean motions also agree better with an interval of 2° 22" 37" than with one of 2° 23° (see 
n.57). 

“Reading Kata thv broKemévnv akpdvuxtov (with D) for Katd& thy broKkemévny y’ 
akpa@vuKtov (‘at the third opposition, which is the one in question’) at H348,9-10. 
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DM = 81;34? 
and ZM = 88;]? } where hypotenuse DZ = 120°. 


Therefore where the distance between the centres, DZ = 6°, H350 
and the radius of the eccentre, DB = 60°, 
DM = 4;5? 
and ZM = 4;24?. 


And since DB? - DM? = BM?, 
BM = 59;52? in the same units. 
Similarly, since ZM = ML, and EL = 2DM, 
by subtraction, BL = 55;28° and EL = 8;10? in the same units. 

Hence hypotenuse [of right-angled triangle EBL] EB = 56;4?. 

Therefore, where EB = 120", EL = 17;28°, 
and, in the circle about right-angled triangle BEL, 

arc BS = 16;44- 
-. Z ZBE = 16;44°° where 2 right angles = 360°°. 

Furthermore, the apparent distance of the planet Mars in advance of the 


perigee G, 
ae 53;54° where 4 right angles = 360° 
aS semen as} 107;48°° where 2 right angles = 360°°. 
And, in the same units, Z ZBE = 16;44°° (shown above), 
and Z GZB = 85;38°° (given), 
soZ GEB — 7 ZBE + Z GZB= 102:22°°. 
Therefore, by subtraction [of Z GEB from Z GEX], 
Z BEX = 5;26°° in the same units, 
and, in the circle about right-angled triangle BEX 
aro =:5:26°: H351 
So BX = 5;41° where hypotenuse EB = 120°. 
Therefore where EB, as was shown, = 56;4?, 
and the radius of the eccentre is 60°, 
BX ="2360% 
Similarly, since the distance of point N from the epicycle apogee H was 172;46°, 
and [hence], from the perigee K, 7;14°, 
7;14° where 4 right angles = 360° 
es = fas where 2 right angles = 360°°. 
But Z KBO was found as 16;44°° in the same units. 
Therefore, by subtraction, Z NBO = 2;16°°, 
and, by addition, [of Z NBO toZ BEX], Z XNB = 7;42°°. 
Therefore, in the circle about right-angled triangle BNX, 
arc. aD = hae 
and BX = 8;3° where hypotenuse BN = 120°. 
Therefore where BX = 2;39° and the radius of the eccentre = 60°, 
the epicycle radius BN ~ 39;30°. 
Therefore the ratio of the radius of the eccentre to the radius of the epicycle is 
603099;30. 
OD. 
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502 X 9. Ancient observation of Mars 


9. {On the correction of the periodic motions of Mars} 


In order to correct the periodic mean motions we took one of the ancient 
observations, in which it is declared that in the 13th year of the calendar of 
Dionysius, Aigon 25,°' at dawn, Mars scemed to have occulted the northern 
[star in the] forehead of Scorpius. The moment of this observation is in the 
52nd year from the death of Alexander, i.e. in the 476th year from Nabonassar, 
Athyr {HI] 20/21 in the Egyptian calendar [-271 Jan. 17/18], dawn. At this 
time we find the longitude of the mean sun as Vp 23;54°; and the longitude of the 
star on the northern part of the forehead of Scorpius was observed in our time®™ 
as ML, 63°. So, since the 409 years from the observation to [the beginning of] the 
reign of Antoninus produce about 4;5° of'shift in the position of the fixed stars, at 
the time of the observation in question the longitude of the star must have been 
m, 24°, and, obviously, the longitude of the planet Mars was the same. In the 
same way, since the longitude of the apogee of Mars in our time, that is at the 
beginning of the reign of Antoninus, was2» 25;30°, it must have been&s 21;25° 
at the observation. Thus it is clear at that moment the apparent distance of the 
planet from its apogee was 100;50°, while the distance of the mean sun from the 
same apogee was 182;29°, and, obviously, 2;29° from [{Mars’] perigee. 

With the above elements as data, let [ Fig. 10.18] the eccentric circle carrying 
the epicycle centre be ABG on centre D and diameter ADG, on which the 
centre of the ecliptic is taken at E, and the point of the greater eccentricity [1.e. 
the equant] at Z. Draw the epicycle HO on centre B, draw ZBH and DB, and 
drop perpendicular ZK from Z on to DB. Let the planet be situated at point O 
of the epicycle; join BO and draw EL parallel to it from E; then it is clear from 
our earlier demonstration [X 6, pp. 480-3] that the mean position of the sun 
will be seen along EL. Join EO, and on to it drop perpendiculars DM and BN 
from points D and B. Also, drop perpendicular DX from D on to BN, so that the 
figure DMNX is a rectangular parallelogram. 

Then, since the angle representing the apparent distance of the planet from 
the apogee, 

Z AEO = 100;50° where 4 right angles = 360°, 
and the angle representing the mean motion of the sun [counted from the 
perigee], 
Z GEL = 2;29° in the same units, 
Z@EL = Z BOE = [180° - 100;50° + 2;29° =] 
81;39° where 4 right angles = 360° 
163;18°° where 2 right angles = 360°°. 


°?On the method employed here see HAMA 180-2. 

°° Bockh (Sonnenkreise 294), in agreement with Lepsius, changed this to ‘Aigon 26° on the basis of 
his reconstruction of Dionysius’ calendar. He was followed by Manitius. The uncertainties are too 
many to justify emendation by a single day. It may be pertinent that the occultation (if there was 
one) must, according to modern calculations, have occurred two days earlier than the date Ptolemy: 
gives. 

§* Catalogue no. XXIX 1. 
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Therefore, in the circle about right-angled triangle BON, 
arc BN = 163;18° 
and BN = 118;43" where hypotenuse BO = 120°. 
Therefore where the radius of the epicycle, BO = 39;30°, 
and the distance between the centres, ED = 6°, 


BN = 39;3?. 
Furthermore, since 
_ J 100;50° where 4 right angles = 360° 
ee ‘ines where 2 right angles = 360°°, 


and therefore its supplement, Z DEM = 158;20°° in the same units, HH335 
in the circle about right-angled triangle DEM, 
arc DM = 158:20° 
and DM = 117;52? where hypotenuse DE = 120°. 
Therefore where DE = 6° and BN, as was shown, is 39;3°, 
DMie= NX 5:54". 
So, by subtraction, BX = 33;9° where the radius of the eccentre, BD = 60°. 
Therefore where hypotenuse [of right-angled triangle BDX] BD = 120°, 
BX=166;18"; 
and, in the circle about right-angled triangle BDX, 
arc BX © 67;4°. 
-. Z BDX = 67;4°° where 2 right angles = 360°°, 
and, by addition [of right angle XDM], Z BDM = 247;4°°. 
But, since Z DEM was shown to be 158;20°°, 
Z EDM [= a right angle minus Z DEM] = 21;40°° in the same units. 
Therefore, by subtraction, Z BDE is computed as 225;24°°, 
and its supplement, Z BDA = 134;36°° in the same units. 
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Therefore, in the circle about right-angled triangle DZK, 
arc ZK = 134;36° 
and arc DK = 45;24° (supplement). 
Therefore the corresponding chords 
ZK = 110;42° 
and DK = 46;18° 
Therefore where DZ = 6° and the radius of the eccentre, DB = 60°, 
yee ig | 
and IKe= 2:19" 
And, by subtraction, KB = 57;41°. 
Hence hypotenuse [of right-angled triangle BZK ] BZ ~ 57;57° in the same units. 
Therefore, where BZ = 120°, ZK = 11;28°, 
and, in the circle about right-angled triangle BKZ, 
arc Liss= 10-562 
-- Z ZBD = 10;58° where 2 righttaglés'-560°°. 
But Z BDA = 134;36°° in the same units. 
, ag 145;34°° in the same units 
pcre Bcd en ee { jane wee Teele OCI. 
Therefore the mean position in longitude of the planet (i.e. of B, the centre of the 
epicycle) at the moment of the observation in question was 72;47° from the 
apogee.® Hence its [mean] longitude was [£* 21;25° + 72;47° =] = 4;12°. 
And Z GEL is given as 2;29°, 
and Z GEL plus the two right angles of semi-circle ABG equals the sum of the 
mean longitude, Z AZB, and the [mean] anomaly (i.e. the [mean] motion of the 
planet on the epicycle), Z HBO. 
So, by subtraction [of 2 AZB from Z GEL + 180°], we get 
Z HB@r= 109;42°. 
Therefore the distance of the planet in anomaly from the apogee of the epicycle 
at that same moment of the observation was the above 109;42°, which was what 
we had to determine. 

Now we had [already] shown [X 7, p. 498] that at the moment of the third 
opposition the distance [of Mars] in anomaly from the apogee of the epicycle 
was 171;25°. Therefore, in the interval between the observations, which 
comprises 410 Egyptian years and 23 13 days (approximately), the planet moved 
61;43° beyond 192 complete revolutions. That is practically the same 
increment [in anomaly] which we find from the tables for Mars’ mean motion 
we constructed. For our [mean] daily motion was derived from these very data, 
by dividing the number of degrees obtained from the complete revolutions plus 
the increment by the number of days computed from the interval between the 
two observations. 


where hypotenuse DZ = 120°. 


* Through accumulated small computational and rounding errors Ptolemy’s result is 3’ too great 
(accurate is 72;43,50°). This would have some effect on the resulting mean motion in anomaly. 

*° On the actual derivation of the mean motion in anomaly, which remains mysterious in the case 
of Mars, see Appendix C. 
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10. {On the epoch of [Mars’] periodic motions} 


Furthermore, the interval from the first year of Nabonassar, Thoth 1 in the 
Egyptian calendar, noon, until the above observation [p. 502], is 

475 Egyptian years and approximately 79% days, 
and that interval comprises increments of 

180;40° in longitude 

and 142;29° in anomaly.°” 
If, then, we subtract the latter from the respective positions for both {longitude 
and anomaly] at the observation, as given above [p. 504], namely, 
= 4;12° in longitude 
and 109;42° in anomaly, 
we get the following epoch positions for the periodic motion of Mars at noon 
Thoth | in the Egyptian calendar, first year of Nabonassar: 

longitude Pag .322 

anomaly 327;13° from the epicycle apogee. 
Similarly, since, for the shift of the apogee in 475 years one gets by computation 
47°, and the apogee of Mars was in £ 21;25° at the observation, it is obvious 
that, at the above moment of epoch, 

longitude of the apogee was 2» 16;40°. 


6? The increments over 475° 792° are (to the nearest minute) 180;39° in longitude and 142;28° in 
anomaly. To get Ptolemy’s figures one needs about ? hour more of motion. Perhaps he took “dawn 
as 6;30 a.m. at Dionysius’ observation. But in that case the interval between Dionysius’ observation 


and his own (p. 504) should have been less. 
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Book XI 


1, {Demonstration of the eccentricity of Jupiter! 


Now that we have established the periodic motions, anomalies and epochs of 
the planet Mars, we shall next deal with those of Jupiter in the same way. Once 
again, we first take, to demonstrate [the position of] the apogee and [the ratio of] 
the eccentricity, three oppositions [in which Jupiter is] directly opposite the 
mean sun. 
[1] We observed the first of these by means of the astrolabe instrument in the 
seventeenth year of Hadrian, Epiphi [XI] 1/2 in the Egyptian calendar [133 
May 17/18], 1 hour before midnight, in m, 23;11°; 
[2] the second in the twenty-first year [of Hadrian], Phaophi [IT] 13/14 [136 
Aug. 31/Sept. 1], 2 hours before midnight, in }€ 7;54°; 
[3] and the third in the first year of Antoninus, Athyr [III] 20/21 [137 Oct. 
7/8], 5 hours after midnight, in (P 14;23°. 

For the two intervals, that from the first to the second opposition comprises: 


[in time] 3 Egyptian years 106 days 23 hours 

and in apparent motion of the planet M0443", 
while that from the second to the third opposition comprises: 

[in time] | Egyptian year 37 days 7 hours 

and [in true longitude] 30229": 
By computation we find the mean motion in longitude 

for the first interval: 99;55° 

for the second interval: Bor 


From these intervals, following the methods expounded for Mars, we carried 
out the demonstration of what we proposed to determine; first of all as if there 
were, again, only one eccentre. The demonstration is as follows. 

Let [Fig. 11.1] the eccentre be ABG, on which point A is taken as the position 
of the epicycle centre at the first opposition, B that of the second opposition, and 
G that of the third. Within the eccentre ABG take Das the centre of the ecliptic, 
join AD, BD and GD, produce GD to E and draw AE, EB and AB, and drop 
perpendiculars EZ and EH from E on to AD and BD, and perpendicular AO 
from A on to EB. 

Then, since arc BG of the eccentre is given as subtending 36;29° of the 
ecliptic, the angle at the centre of the ecliptic, 

36;29° where 4 right angles = 360° 
le jeer where 2 right angles = 360°. 


' The procedure for Jupiter and Saturn is identical to that for Mars (except that fewer iterations 
are required). The reader is referred to the notes on X 7-9 for elucidations of points of detail. 
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Fig. 11.1 


Therefore, in the circle about right-angled triangle EDH, 
are bi = (258 
and EH = 71;21° where hypotenuse DE = 120°. 
Similarly, since arc BG = 33;26°, 
the angle [subtended by it] at the circumference, 
Z BEG = 33;26°° where 2 right angles = 360°°; 
and, by subtraction [of Z BEG from Z EDH}], 
Z EBH = 39;32°° in the same units. 
Therefore, in the circle about right-angled triangle BEH, 
arc wu = 30:32 
and EH = 40;35° where hypotenuse BE = 120?. 
Therefore where EH, as we showed, is 71;21°, and ED = 120°, 
BE = 210/587. 
Furthermore, since the whole arc ABG of the eccentre is given as subtending 
141;12° of the ecliptic (the sum of both intervals | 104;43° and 36;29°]), the angle 


at the centre of the ecliptic, 
_ J 141;12° where 4 right angles = 360° 
ae es where 2 right angles = 360°°, 
and its complement, Z ADE = 77;36°° in the same units. 
Therefore, in the circle about right-angled triangle DEZ, 
are 4, = ff-30° 
and EZ = 75;12? where hypotenuse DE = 120°. 
Similarly, since arc ABG of the eccentre is, by addition [of 99;55° + 33;26°], 
133;21°, the angle [subtended by it] at the circumference, 
Z AEG = 133;21°° where 2 right angles = 360°°. 
But Z ADE was found to be 77;36°° in the same units. 
Therefore the remaining angle [in triangle EAD], 
Z EAZ = 149;3°° in the same units. 
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Therefore, in the circle about right-angled triangle AEZ, 
arc EZ = 149;3° 
and EZ = 115;39? where hypotenuse EA is 120°. 
Therefore where EZ, as was shown, is 75;12°, and ED is given as 120° 
BA = 78:2. 
Furthermore, since arc AB of the eccentre is 99;55°, the angle [subtended by it] 
at the circumference, 
Z AEB = 99;55°° where 2 right angles = 360°. 
Therefore, in the circle about right-angled triangle AEO, 
arc A@ = 99;55° 
and arc EO = 80;5° (supplement). 
Therefore the corresponding chords 
— Q]-59P 
ae a _ ea where hypotenuse EA = 120?. 
Therefore where AE, as was shown, is 78;2°, and DE = 120?, 
A® = 59;44” 
and EO = 50;12?. 
But the whole line EB was shown to be 210;58" in the same units. 
So, by subtraction, OB = 160;46” where AO = 59;44?. 
And @B? = 25845;55 
OA? = 3568;4, 

so OB? + OA? = AB? = 2941359. 

-. AB = 171;30? where ED is 120° and EA is 78;2?. 
Moreover. where the diameter of the eccentre is 120?, 
AB = 91;52° (for it subtends an arc of 99;55°). 

Therefore where AB = 91;52? and the diameter ofthe eccentre is 120°, 

ED = 64;17° 
and EA = 41,47. 
Therefore arc EA of the eccentre equals 40;45°, 
and the whole arc EABG [= 40;45° + 133;21°] = 174;6°. H365 
Hence EDG ~ 119;50° where the diameter of the eccentre is 120°. 
Now segment EABG is less than a semi-circle, so the centre of the eccentre 
will fall outside it. Let it, then, be at K [see Fig. 11.2], and draw through K and 
D the diameter through both centres, LKDM, and let the perpendicular from 
K to GE be produced as KNX. 
Then, where diameter LM = 120°, 
the whole line EG was shown to be 119;50°?, and ED to be 64;17°; 
so, by subtraction, GD = 55;33° in the same units. 
So, since ED.DG = LD.DM, 
LD.DM = 3570;56° where diameter LM = 120°. 

But LD.DM + DK? = LK? (i.e. the square on half the diameter). |_H366 
Therefore, if we subtract (LD.DM), i.e. 3570356, from the square on half the 
diameter, i.e. 3600, the remainder will be the square on DK, 

i.e. DK? = 29;4. 
Therefore the distance between the centres, DK ~ 5;23°? 
where the radius of the eccentre, KL = 60°. 


2 Because of an accumulation of rounding errors this should be 5;20°. 
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igo wile? 


Furthermore, since 
GN = 3GE = 59;55° where diameter LM = 120°, 
and GD was shown to be 55;33° in the same units, 
by subtraction, DN = 4;22? where DK = 5;23°. 
Therefore where hypotenuse [of right-angled triangle DKN] DK = 120°, 
DN = 97520", 
and, in the circle about right-angled triangle DKN, 
arc DN = 108;24°. 
; _ J 108;24°° where 2 right angles = 360°° 
“agKN -{ 54,12° where 4 right angles = 360°. 
And since DKN is an angle at the centre of the eccentre, 
H367 arc MX = 54;12° also. 
But the whole arc GMX, which is 3 arc GXE, equals 87;3°. 
Therefore, by subtraction, the arc from the perigee to the third opposition, 
arc MG = 32;51°.? 
And clearly, since the interval BG is given as 33;26°, 
by subtraction, we find the arc from the second opposition to the perigee, 
arc BM = 0;35°:4 
and since the interval AB is given as 99;55°, 
by subtraction [of (arc AB + arc BM) from 180°], we find the arc from the 
apogee to the first opposition, 
are GA = 7/9302 


* Ptolemy’s accumulation of rounding errors has led to the considerable discrepancy of }° from 
the accurate result, 32;21°. 

* The smallness of the corrections for this and the next opposition shows that these oppositions 
have been badly chosen. To display the greatest difference between the simple eccentric and equant 
models, all three oppositions should be near the octants (as they are for Mars). 
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Now if it were this eccentre on which the epicycle centre is carried, the above 
quantities would be sufficiently accurate to use. However, since, according to 
our hypothesis, [the epicycle centre] moves on a different circle, namely the 
circle described with centre at the point bisecting DK and with radius KL, we 
must once again, as we did for Mars, first calculate the differences which result 
in the apparent intervals [i.e. the arcs of the ecliptic between the oppositions]: 
we must show what the sizes of these differences would be (taking the above 
ratio for the eccentricity as approximately correct), if the epicycle centre were 
carried, not on the second eccentre, but on the first eccentre [i.e. the equant], 
which produces the ecliptic anomaly, i.e. the one drawn on centre K. 

Then [see Fig. 11.3] let the eccentre carrying the epicycle centre be LM on 
centre D, and the eccentre of the planet’s mean motion be NX on centre Z, 


M 


Fig. 11.3 


equal to LM. Draw the diameter through the centres, NLM, and take on it the 
centre of the ecliptic E. Let the epicycle centre be situated, first, at A, for the first 
opposition. Draw DA, EA, ZAX and EX, and drop perpendiculars DH and 
E® from D and E on to AZ produced. 

Then, since the angle of mean motion in longitude, Z NZX, was shown to be 
79;30° where 4 right angles = 360°, the angle vertically are it, 

79;30° where 2 right angles = 360° 
oe | 159°° where 2 right angles = 360°°. 
Therefore, in the circle about right-angled triangle DZH, 
ancwOT = 159° 
and arc ZH = 21° (supplement). 
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Therefore the corresponding chords 
DH = 117;59? 
and ZH = 21;52° 
Therefore where DZ (= sEZ) =~ 2-49? and the radius ofthe eccentre, DA = 60°, 
DH = 2;39° 
and ZH = 0;30°. 
And since DA? — DH? = AH?, . 
AH = 59;56° in the same units. 
Similarly, since ZH = HO, and EO = 2DH, 
by addition, A© = 60;26” where E@ = 5; 18°, 
and hence hypotenuse [of right-angled triangle AEO] 
AE = 60;40° in the same units. 
Therefore, where AE = 120°, EO = 10;29°, 
and, in the circle about right-angled triangle AEO, 
arc EO = 10;1°. 
“. Z EAO = 10;1°° where 2 right angles = 360°°. 
H370 Furthermore, where EO = 5;18°, 
the radius of the eccentre, ZX = 60” and ZO [= 2ZH] = 1’, 
(hence, obviously, by addition, X© = 61°). 
So we find hypotenuse [of right-angled triangle EO X] EX as 61;14° inthe same 


units. 


where hypotenuse DZ = 120°. 


Therefore, where EX = 120°, EO = 10;23°, 
and, in the circle about right-angled triangle EOX, 
arc EO 2 953-. 
“ Z EX@O = 9;55°° where 2 right angles = 360°°. 
But we showed that Z EA@ = 10;1°° in the same units. 

Therefore, by subtraction, the angle of the difference in question, 

_ J 0;6°° where 2 right angles = 360°° 
i ee where 4 right angles = 360°. 

But at the first opposition the planet, viewed along the line EA, had an 
apparent longitude of m, 23;11°. Thus it is clear that, if the epicycle centre were 
carried, not on eccentre LM, but on[eccentre] NX, it would have been at point 
X on that eccentre, and the planet would have appeared along line EX, 
differing by 0;3° [from the actual position], and thus would have had a 
longitude of m, 23;14°. 

H371 Let the diagram for the second opposition be drawn, again with a similar 
figure [Fig. 11.4],° [with the epicycle centre] depicted as a little in advance of 
the perigee. 

Then, since arc XN of the eccentre was shown [p. 510, arc BM] to be 0;35°, 

on: _ | 0)33° “where 4 right anglesi= 3607 
AON | 1;10°° where 2 right angles = 360°°. 
Therefore, in the circle about right-angled triangle DZH, 
arc DH = 110° 
and arc ZH = 178;50° (supplement). 


* Heiberg’s figure (p. 371) is wrong: AE has been connected instead of AB, and A is misprinted as 
A. Corrected by Manitius. 
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Rig. 11.4 


Therefore the corresponding chords 
eee 
ce eS oe where hypotenuse DZ = 120°. 
Therefore where DZ = 2;42° and the radius of theeccentre, DB = 60, 
DH = 0;2° 
and ZH = 249", 
And HB = 60? in the same units (for it is negligibly smaller than hypotenuse [of 
right-angled triangle HBD] BD). 
Furthermore, since OH = HZ, and EO = 2DH, H372 
by subtraction, OB = 57;18” where E@ = 0;4?. 
Hence hypotenuse [of right-angled triangle EOB] EB = 57; 18° in the same units. 
Therefore, where EB = 120°, EO ~ 0;8°, 
and, in the circle about right-angled triangle BEO, 
arc EO = 0;8° also. 
-. Z EBO = 0;8°° where 2 right angles = 360°. 
In the same way, since we showed that the whole line ZO [= 2ZH] = 5;24° 
where the radius of the eccentre, ZX = 60°, 
by subtraction, OX = 54,36? where EO = 0,4”. 
Hence hypotenuse [of right-angled triangle EO X] EX = 54;36 in the same units. 
Therefore. where EX = 120°, EO ~ 0;10°, 
and, in the circle about right-angled triangle LOX, 
arc BO = 9:10". 
-» Z EXO = 0;10°° where 2 right angles = 360°°, 
»Qoo : * 
and, by subtraction [of ZEBO),  BEX=4 10 rare a noth a cles = 3602 
Here, then, it is clear that the planet, since its apparent longitude at the 


old X11. Correction to account for equant: 3rd opposition 


H373 second opposition, when it was viewed along line EB, was € 7;54°, would, if it 
had been viewed along line EX, have had a longitude of only € 7;53°. 
So let the diagram for the third opposition be drawn, to the rear of the perigee 
[ig 11,5].° 
Then, since arc NX of the eccentre is given as 32;51°, 


£nzx ={ 


32;51° where 4 right angles = 360° 
65;42°° where 2 right angles = 360°°. 


Therefore, in the circle about right-angled triangle DZH, 
arc DEL = 65-422 
and arc ZH = 114;18° (supplement). 
Therefore the corresponding chords 
DH ="65:6° 
and ZH = 100;49? 
Therefore where DZ = 2;42” and the radius of the eccentre, DG = 60°, 


where hypotenuse DZ = 120°. 


H374 DH = 2s" 
and ZH = 2:16. 
And since GD? — DH? = GH?, 

GH © 59;59?. 


Similarly, since OH = HZ, and EO = 2DH, 
by subtraction, GO = 57;43? where E® = 2:56”. 
Hence hypotenuse [of right-angled triangle EOG] EG = 57;47° inthe same units. 
Therefore, where EG = 120°, EO = 6;5?, 


® Heiberg’s figure (p. 373) is wrong: AE has been connected instead of AT, and A is in the wrong 
place and misprinted as A. Corrected by Manitius. 
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and, in the circle about right-angled triangle GEO, 
arc EO ~ 5;48°. 
“. Z EGO = 5;48°° where 2 right angles = 360°. 
In the same way, since the whole line ZO[= 2ZH] comes to 4;32° 
where the radius of the eccentre, ZX = 60°, 
by subtraction, X© = 55;28? where EO was found to be 2;56?. 
Hence hypotenuse [of right-angled triangle EO X] EX = 55;33” in the same units. 
Therefore, where EX = 120°, EO = 6;20?, 
and, in the circle about right-angled triangle EOX, 
arc BO =\6:2°. 
-. Z EXO = 6;2°° where 2 right angles = 360°, 
. OO 4 bs 
and, by subtraction [of Z EG@], Z GEX = a ee al a — 
Hence, since the planet at the 3rd opposition, when viewed along line EG, had a 
longitude of P 14;23°, it is clear that, if it had been on line EX, it would have 
had a longitude of ‘P 14;30°. And we showed that its [corrected] longitudes 
[would have been] 
at the first opposition m™, 23;14° 
at the second opposition 3€ 7;53°. 
Hence we calculate the apparent intervals [in longitude] of the planet, taken, 
not with respect to the eccentre carrying the epicycle centre, but with respect to 
the eccentre producing the mean motion [i.e. the equant],’ as 
from first to second oppositions 104,39° 
from second to third oppositions 36;57°. 
Starting from these data, by means of the previously demonstrated theorem we 
find the distance between the centres of the ecliptic and the eccentre producing 
the mean motion of the epicycle as about 
5;30° where the diameter of the eccentre is 120); 
and, for the arcs of the eccentre, 


from the apogee to the first opposition: Tilo 
from the second opposition to the perigee 2907 
from the perigee to the third opposition 30;36°. 


The above quantities have been accurately determined by this method, for 
the differences in the intervals [as measured along deferent and equant], when 
calculated from these data, are very nearly the same as the previous set.® That is 
[also] clear from the fact that the apparent intervals [in longitude] of the planet 
derived from the ratios we have thus found turn out to be the same as those 
observed; we can show this as follows. 

Once again, let the diagram for the first opposition be drawn [Fig. 11.6], but 
containing only the eccentre carrying the epicycle centre. Then, since 

Z LZA was shown to be 77;15° where 4 right angles = 360°, 

ZLZA = Z DZH (vertically opposite) = 154;30°° where 2 right angles = 360°°. 


71.e. the apparent intervals which would result if the epicycle were carried, not on the actual 
deferent, but on the equant. Cf. XI 5 p. 529, where this is stated explicitly. Cf. also p. 492. 

8 Indeed, a further iteration produces a change of much less than 0;1° in the eccentricity, and 
about 0;10° in the line of the apsides. 
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Fig. 11.6 


Therefore, in the circle about right-angled triangle DZH, 
arc DH = 154560" 
and arc ZH = 25;30° (supplement). 
Therefore the corresponding chords 
-9P 
a ao : pe where hypotenuse DZ = 120°. 
Therefore where ZD = 2;45° and the radius of the eccentre DA = 60°, 
DH = 2;41° 
and ZH = 0;36°. 
Then, by the same argument as in the previous proof, 
AH [= \/ AD? - DH?®] = 59;56? in the same units, 
and, by addition [of H© = ZH], AO = 60;32? where E@ (= 2DH) = 522°. 
Therefore hypotenuse [of right-angled triangle AEO] AE comes to 60;46° in the 
same units. 
Therefore, where AE = 120°, EO = 10;36?, 
and, in the circle about right-angled triangle AEO, 
arc EO = 10;8°. 
“. Z EAO = 10;8°° where 2 right angles = 360°, 
and, by subtraction [of Z EA® from Z LZA}, 
144;22°° in the same units 
a -{ 72;11° where 4 right angles = 360°. 
That [72;11°], then, was the distance in the ecliptic? of the planet from its 
apogee at the first opposition. 


°So we must translate tov C@S.akov (i.e. take it closely with poipac) at H377,16, to make any 
sense at all. But its position in the sentence, and redundance, make me suspect it as an interpolation, 
although it is in all branches of the ms. tradition. 
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Again, let the [corresponding] diagram for the second opposition be drawn 
[Fig. 11.7]. [Then,] since 
canastis 2;50° where 4 right angles = 360° 
4 BaMgsngwien as{ 5;40°° where 2 right angles = 360°°, 


in the circle about right-angled triangle DZH, 


arc DH = 5;40° 
and arc ZH = 174;20° (supplement). H378 
Therefore the corresponding chords 
= 50) 


and ZH = 119;5 A where hypotenuse DZ = 120°. 


Therefore where DZ = 2;45° and the radius of theeccentre, DB = 60°, 
DH = 0;8° 
and ZH & 2;45?. 
And, by the same [argument as previously], 
BH ~ 60° in the same units, 
and, by subtraction [of HO = ZH], BO = 57;15° where E® = 0;16°. 
Hence hypotenuse [of right-angled triangle EBO] EB comes to 57;15° in the 
same units. 
Therefore, where EB = 120°, E® = 0;33?, 
and, in the circle about right-angled triangle BEO, 
arc EO’= 0;32°. 
“. Z EBO = 0;32°° where 2 right angles = 360°°. 
6;12°° in the same units 
And, by addition [of Z BZM], Z BEM = ei heseutmnichwamelenc 360°. 
Therefore the distance of the planet in advance of the perigee at the second 
opposition was 3;6°. And we showed [p. 516] that at the first opposition it was H379 


518 X11. Verification: Jupiter’s 3rd opposition 


72:11° to the rear of the apogee.'° Thus the computed apparent interval from 
first to second oppositions is the supplement [of 3;6° + 72;11°], 104;43°, in 
agreement with the interval derived from the observations [p. 507]. 

So let the [corresponding] diagram for the third opposition be drawn [Fig. 
11.8]. [Then,] since 

30;36° where 4 right angles = 360° 
& NEEC oneal Dose Tenet | eee where 2 right angles = 360°, 
in the circle about right-angled triangle DZH, 
arcDH — 6) bee 
and arc ZH = 118;48° (supplement). 


E 


Fig. 11.8 


Therefore the corresponding chords 
DH = 61:6" 
and ZH = hae where hypotenuse DZ = 120°. 


Therefore where DZ = 2;45° andthe radiusofthe eccentre,GD = 60°, 


DES aa? 
and ZH = 2;29°. 
And, by the same [argument as previously], 
GHi= 5959, 
H380 and, by subtraction [of HO = ZH], GO = 57;37° where EO = 2:48. 
Therefore hypotenuse [of right-angled triangle EGO] EG = 57;41" in the same 


units; 
and hence, where EG = 120°, EO = 5;50?, 
and, in the circle about right-angled triangle GEO, 
arc E@ = 5;34° 
-. Z EGO = 5;34°° where 2 right angles = 360°. 


Reading cic td Endpeva tov &moyeiov (with D,Ar) at H379,3 for ic té Endpeva (‘to the rear’). 
Corrected by Manitius. 
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And, by addition [of Z MZG], 
: 66;46°° in the same units 
ae? = ee where 4 right angles = 360°. 

That (33;23°], then, was the distance of the planet to the rear of the perigee at 
the third opposition. And we showed that at the second opposition its distance 
in advance of the same perigee was 3;6°. Therefore the apparent interval [in 
longitude] from the second to the third oppositions is computed as the sum [of 
the above], 36;29°, once again in agreement with the observed interval [p. 507]. 

It is immediately clear, since the planet at the third opposition had an 
observed longitude of P 14;23° and, as we showed, was 33;23°to the rear ofthe H381 
perigee, that at that moment the perigee of its eccentre had a longitude of 
>€ 11°, while its apogee was diametrically opposite at mm 11°. 

And if [see Fig. 11.9]! we draw the epicycle HOK about centre G, we will 
immediately have: 

L 


M 


Fig. 11.9 


the mean position in longitude [counted] from the apogee of the eccentre, L, as 
210;36° (for we have shown that Z MZG = 30;36°); 
and the arc OK of the epicycle from the perigee © to the planet K as 2;47° (for 
we showed that ‘ ae 
5;34°° where 2 right angles = i 

i a (Bee where 4 et angles = 360°). 
Therefore at the moment of the third opposition, namely in the first year of 
Antoninus, Athyr [III] 20/21 in the Egyptian calendar, 5 hours after midnight, 
the planet Jupiter had the following mean positions: 


in longitude 210;36° from the apogee of the eccentre H382 
(i.e. its mean longitude was ‘P 11;36°) 
in anomaly 182:47° from the apogee of the epicycle, H. 


'! Heiberg’s figure on p. 38] is wrong: he has connected AT instead of EI’. Corrected by Manitius. 
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2. {Demonstration of the size of Jupiter's epicycle} 


Next, to demonstrate the size of the epicycle, we again took an observation, 
which we obtained by sighting [with the astrolabe], in the second year of 
Antoninus, Mesore [XII] 26/27 in the Egyptian calendar [139 July 10/11], 
before sunrise, i.e. about 5 equinoctial hours after midnight (for the mean 
longitude of the sun was & 16;11°, and the second degree of Aries [1.e. P 1°-2°] 
was culminating according to the astrolabe). At that moment Jupiter, when 
sighted with respect to the bright star in the Hyades, was seen to have a 
longitude of I 152°, and also had the same apparent longitude as the centre of 
the moon, which lay to the south of it. For that moment’? we find, by means of 
the [kind of] calculations [previously] explained: 


moon’s mean longitude EL 9° 
moon’s [mean] anomaly counted from the epicycle apogee 21250" 
hence its true position Ty i4a60° 
and its apparent position at Alexandria TT }o345>: 


Thus from these considerations too Jupiter’s longitude was II 152°. 
Furthermore, the time interval from the third opposition to the above 
observation comprises 
1 Egyptian year and 276 days, 
and this interval produces 
in longitude: Soi dde 
and in anomaly: 218;31° 
(for it will make no sensible difference even if this kind of calculation is carried 
out rather crudely);’* so, if we add the latter to the [mean] positions derived for 
the third opposition, we will get, for the moment of the present observation, [the 
mean positions]: 


in longitude 263;53° from the apogee (which is in approximately the 
same position [as at the third opposition])’* 
in anomaly 41;18° from the apogee of the epicycle. 


With the above as data, let the diagram for the similar demonstration in the 
case of Mars [Fig. 10.17] be repeated [Fig. 11.10], [but] with the epicycle ina 
position to the rear of the perigee of the eccentre, and with the planet past the 
apogee of the epicycle, in accordance with the mean positions in longitude and 
anomaly set out here. 

Then, since the mean position in longitude from the apogee of the eccentre is 
263:53°, 

/ BZG -{ 83;53° where 4 right angles = 360° 
167;46°° where 2 right angles = 360°°. 


'* These positions were (correctly) computed, not for 5 a.m., but for 4,42 a.m., i.e. the correct 
equation of time with respect to epoch of era Nabonassar has been applied. Cf. p. 499 n.57. 

'° These intervals are correct to the nearest minute if one computes for exactly 1” 276°. However, 
for 18 mins. less (cf. n.12) one finds 218;30° for the motion in anomaly. Is it this neglect of the 
equation of time to which Ptolemy refers by ‘rather crudely’? 

'*I.e. in less than 2 years the precessional motion of the apogee is negligible. 
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Therefore, in the circle about right-angled triangle DZM, 
arc DM = 167;46° 
and arc ZM = 12;14° (supplement). 
Therefore the corresponding chords 
DM = 119;19° 
and ZM = 12;47° 
Therefore where DZ = 2;45° and the radius of theeccentre, DB = 60°, 
DM ~& 2;44° 
and ZM = 0;18°. 
And since DB? - DM? = MB’, 
MB = 59;56° in the same units. 
Similarly, smce ZM = ML and EL = 2DM, 
by subtraction, LB = 59;38? where EL is computed as 5;28?. H385 
Hence hypotenuse [of right-angled triangle LBE] EB = 59;52? in the same units. 
Therefore, where EB = 120°, EL © 10;58?, 
and, in the circle about right-angled triangle BEL, 
are =1080°. 
-. Z EBZ = 10;30°° where 2 right angles = 360°°. 
But Z BZG = 167;46°° in the same units. 
Therefore, by addition, 2 BEG = 178;16°° in the same units. 
Furthermore, since the approximate longitude of the perigee G is € 11°, and 
the apparent longitude of the planet, as viewed along line EK, was LI 15;45°, 
94;45° where 4 right angles = 360° 
cima | 189;30°° where 2 right angles = 360°. 
And, by subtraction [of Z BEG], Z BEK = 11;14°° in the same units. 
Therefore, in the circle about right-angled triangle BEN, 
arc BN.= 11;14° 
and BN = 11;44” where hypotenuse EB = 120°. 


where hypotenuse DZ = 120°. 


H36&6 


H387 
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Therefore, where EB = 59;52°, and the radius of the eccentre is 60°, 


BN = 5:50) 
Similarly, since arc HK = 41;18°, 
_ J 41;18° where 4 right angles = 360° 
Ee tty ee where 2 right angles = 360°. 


But Z EBZ (= Z HBO) = 10;30°° in the same units. 
Therefore, by subtraction, Z OBK = 72;6°°. 
And we showed that Z KE@ = 11;14°° in the same units. 
Therefore, by subtraction, Z BKN = 60;52°° in the same units. 
Therefore, in the circle about right-angled triangle BKN, 
arc BN = 60;52° 
and BN = 60;47° where hypotenuse BK = 120°. 
Therefore where BN = 5;50? and the radius of the eccentre is 60°, 
the radius of the epicycle, BK ~ 11;30°.”° 
Q.E.D. 


3. {On the correction of the periodic motions of Jupiter} 


Next, to [determine] the periodic motions, we again took one of the precisely 
recorded ancient observations. In this it is declared that in the 45th year of 
the calendar of Dionysius, on Parthenon 10, the planet Jupiter occulted’® the 
southernmost [of the 2] Aselli at dawn. Now the moment [ of the observation] 
is in the 83rd year from the death of Alexander, Epiphi [XI] 17/18 in the 
Egyptian calendar [-240 Sept. 3/4], dawn. For that time we find the longitude 
of the mean sun as np 9;56°. But the star called ‘the southern Asellus’ among 
those surrounding the nebula in Cancer had a longitude, at the time of our 
observation [of it], of & 113° [catalogue XXV 5]. Hence, obviously, its longitude 
at the observation in question was [2] 7;33°, since to the 378 years between the 
observations!’ corresponds [a precessional motion of] 3;47°. Therefore the 
longitude of Jupiter at that moment (since it had occulted the star) was also 25 
7;33°. Similarly, since the apogee was in ny 11° in our times, it must have hada 
longitude of m 7;13° at the observation. Hence it is clear that the distance of the 
apparent planet from the then apogee of the eccentre was 300;20°, while the 
distance of the mean sun from that same apogee was 2;43°. 

With the above elements as data, let there again be drawn [Fig. 11.ll] a 
diagram similar to that for the [corresponding] demonstration for Mars { Fig. 
10.18], but in this case in accordance with the positions given for the 
observation: [1.e.], have the epicycle, on centre B, positioned before the apogee 
A, and the point L, representing the mean position of the sun, a little after that 


'S There are a series of small miscalculations and rounding errors, which result in a not negligible 
final error (one finds 11;38° to the nearest minute). No doubt Ptolemy was aiming at a convenient 
round number. 

'* Literally ‘covered’ (EnexdAvyev). Modern calculations show that Jupiter in fact passed ca. 4° 
to the north of 6 Cne (cf. p. 658), but Ptolemy’s wording is unambiguous here (cf. p. 477 n.17). 

" The epoch of the star catalogue is Antoninus | = Nabonassar 885. And 885-507 = 378. But since 


the observation took place in the 11th month of the Egyptian year, 377 would have been more 
accurate. 
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G 


Fig. 11.11 


same apogee, and hence the point @, representing the planet, after H, the apogee 
of the epicycle. And, as we always do in similar situations, we join ZBH, DB, BO ~—H388 
and EO, and drop perpendiculars ZK on to DB, DM and BN onto EO, and DX 
on to NB (produced in this case), which forms the rectangular parallelogram 
DMNX. 
Then Z AE® contains one revolution in the ecliptic less 300;20°, or 59;40°. 
Andee Abi 2:45" 
Therefore, by addition, 
, _ J 62;23° where 4 right angles = 360° 
i lial i 124;46°° where 2 right angles = 360°°. 

Therefore, in the circle about right-angled triangle BON, 

arc BN = 124;46° 


and BN = 106;20? where hypotenuse BO = 120°. H389 
Therefore where the radius of the epicycle, BO'® = 11;30°, 
BN ealG:12". 


a. aes 59:40° where 4 right angles = 360° 
fee nee DEM usyeinen asf 119;20°° where 2 right re = 360°, 
and Z MDE = 60;40°° in the same units (complement), 
in the circle about right-angled triangle DEM 
arc DM = 119;20° 
and DM = 103;34? where hypotenuse ED = 120°. 
Therefore where ED = 2;45° and the radius of the eccentre, DB = 60°, 
DM = 223, 
and, by addition, BNX = 12;35°. 


'8 Reading } BO éx tov Kévtpov (with D,Ar) fort) £x tov Kévtpoo (‘the radius of the epicycle’) at 
H389,2-3. 


H390 


F391 
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Therefore where hypotenuse [of right-angled triangle BDX] BD = 120°, 
BK = 255508, 
and, in the circle about right-angled triangle BDX, 
arc BX = 24;14° 
.. Z BDX = 24;14°° where 2 right angles = 360°, 
and, by subtraction [froma right angle], Z BDM = 155;46°° in the same units; 
and, by addition [of Z MDE], Z BDE = 216;26°° in the same units: 
and, again by subtraction [from 2 right angles], 2 BDZ = 143;34°° in the same units. 
Therefore, in the circle about right-angled triangle ZDK, 
arc ZK = 143;34° 
and arc DK = 36;26° (supplement). 
Therefore the corresponding chords 
me a - ae where hypotenuse DZ = 120°. 
Therefore where DZ = 2;45° and the radius ofthe eccentre, DB = 60°, 
KZ= 237) 
and DK = 0;52?, 
and, by subtraction [from DB], KB = 59;8° in the same units. 
Hence hypotenuse [of right-angled triangle ZBK] ZB = 59;12° in the same 
units. 
Therefore, where ZB = 120°, ZK = 5;18?, 
and, in the circle about right-angled triangle BZK, 
arcoZks. = 534°. 
-. Z ZBD = 5;4°° where 2 right angles = 360°°, 
and, by addition [of Z BDZ], 
Z AZB (which comprises the _ { 148;38°° in the same units 
mean motion in longitude) | _74;19° where 4 right angles = 360°. 
And since Z HBO + Z BZG + 180° (i.e. here Z HBO - Z AZB) = Z AEL =2;43°, 
we find that Z HB© (which comprises the planet’s position [in anomaly] from 
the apogee of the epicycle) is 77;2°.'° 
Therefore we have shown that at the moment of the observation in question the 
planet Jupiter had the following mean positions: 


in longitude, from the apogee of the eccentre, 265 
(i.e. its mean longitude was II 22;54°) 
in anomaly, from the apogee of the epicycle, Tie 


And we had [already] shown that at the moment of the third opposition its 
distance from the apogee of the epicycle was 182;47°. Thus in the interval 
between the two observations, which comprises 

377 Egyptian years and 128 days less approximately | hour, 
its motion in anomaly was 

105;45° beyond 345 complete revolutions. 

That is, again, very nearly the same increment in anomaly as one derives from 
the [tables for] mean motions which we constructed. For it was from these very 
same elements that we derived the daily [mean motion in anomaly], by dividing 


5 : : : : ; , 
There are numerous small inaccuracies and rounding errors in the preceding calculations, 
which to some extent cancel each other. Accurate computation gives 77;0° to the nearest minute. 
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the number of degrees contained in the complete revolutions plus the increment 
by the number of days contained in the time-interval.2° 


4. {On the epoch of Jupiter's periodic motions} 


Here too again, then, since the interval from the first year of Nabonassar, Thoth 
! in the Egyptian calendar, noon, to the above-mentioned ancient observation 
is 

506 Egyptian years and approximately 3163 days, 
and this interval comprises increments of 

258;13° in longitude 

and 290;58° in anomaly,”' 
if we subtract the latter from the respective [mean] positions listed above for the 
observation, we get, for the same moment of epoch as for the other [heavenly 
bodies], for Jupiter: 

mean longitude aa ele 

mean anomaly 146;4° from the epicyclic apogee. 
And, by the same [kind of computation as before], 
the apogee of its eccentre will be in mp 2;9°.” 


5. {Demonstration of Saturn’s eccentricity and {the position of] its apogee} 


To complete this topic, it remains to demonstrate the anomalies and epochs for 
the theory of the planet Saturn. Once again, as for the other planets, we took, 
first, for our investigation of [the position of] the apogee and the eccentricity, 
three opposition situations of the planet, in which it was diametrically opposite 
the sun’s mean position. 
[1] The first of these was observed by us, using the astrolabe instruments, in the 
eleventh year of Hadrian, Pachon [IX] 7/8 in the Egyptian calendar [127 Mar. 
26/27], in the evening, in  1;13°; 
[2] the second, in the seventeenth year of Hadrian, Epiphi [XI] 18 in the 
Egyptian calendar [133 June 3]. We computed the time and place of exact 
opposition from nearby observations as 4 hours after noon on the 18th, in 
F 9;40°; 
[3] we observed the third opposition in the twentieth year of Hadrian, Mesore 
[XII] 24 in the Egyptian calendar [136 July 8]. As before, we computed the time 
of exact opposition as having occurred precisely at noon on the 24th, and 
computed the place as > 14;14°. 

Of these two intervals, then, that from the first to the second opposition 


comprises 


20 On the actual derivation of the mean motion in anomaly for Jupiter, which remains obscure, 


see Appendix C, , 
21 These intervals are precise (to the nearest minute) for an increment of exactly 4 day. 
22 The apogee was in M 7;13° at the observation (p. 522). In 507’ (at the rate of 1° in 100 years) it 
moves about 5;4°. Hence at epoch it was in my 2;9°. 


H392 
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[in time] 6 Egyptian years 70 days 22 hours 
in apparent motion of the planet 68:27>; 
while that from the second to the third opposition comprises 

[in time] 3 Egyptian years 35 days 20 hours 
[in apparent motion] Of 04. 

And we compute for the mean motion in longitude, using rough figures,” 

for the first interval: ; 75:43° 
and for the second interval: OW eran 


These intervals [in mean and true longitude] being given, we again 
demonstrate the required [parameters] by means of the same theorem [as 
before] (as if there were only one eccentre), as follows. 

To avoid repetition, let there be drawn a diagram [Fig. 11.12] like those used 
for the same proof [previously, Figs. 10.8, 11.1]. Then since arc BG of the 

H394 — eccentre is given as subtending 34; 34° of the ecliptic, the [corresponding] angle 
at the centre of the ecliptic, 


Fig. 11.12 


34;34° where 4 right angles = 360° 
69;8°° where 2 right angles = 360°°. 
Therefore, in the circle about right-angled triangle DEH, 
arc EH = 69;8° 
and EH = 68;5° where hypotenuse DE = 120?. 
Similarly, since arc BG = 37;52°, the angle at the circumference, 

Z BEG = 37;52°° where 2 right angles = 360°, 

and, by subtraction [from Z BDG], Z EBH = 31;16°° in the same units. 
Therefore, in the circle about right-angled triangle EBH, 
arc EH = 51-76" 
and EH = 32;20° where hypotenuse BE = 120°. 


*’ Despite Ptolemy’s phrase here, the intervals in mean longitude are accurate to the nearest 
minute according to his own tables. Nor would the equation of time make any difference. 


Z BDG (= Z EDH) = 
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Therefore where EH, as we showed, is 68;5°, and ED = 120?, H395 
BE = 252.41". 

Furthermore, since the whole arc ABG subtends 103;1° of the ecliptic (the 
sum of both intervals [in true longitude]), the [corresponding] angle at the 
centre of the ecliptic, 

Z ADG = 103;1° where 4 right angles = 360°. 
Hence the supplementary -{ 76;59° in the same units 
angle, Z ADE [| 153;58°° where 2 right angles = 360°°. 
Therefore, in the circle about right-angled triangle DEZ, 
are EZ = 153:58° 
and EZ = 116;55° where hypotenuse DE = 120°. 
Similarly, since arc ABG of the eccentre 1s found by addition [of 75;43° and 
37;52°] as 113;35°, the angle at the circumference, 
Z AEG = 113;35°° where 2 right angles = 360°°. 
But we found that Z ADE = 153;58°° in the same units. 
Therefore the remaining angle [in triangle ADE], 
Z ZAE = 92;27°° in the same units. 
Therefore, in the circle about right-angled triangle AEZ, 
are EZ, = 92:77- 
and EZ = 86;39" where hypotenuse AE = 120°. 
Therefore where EZ, as we showed, is 116;55°, and ED = 120° 
BA = Iolo. 
Furthermore, since arc AB of the eccentre is 75;43°, the angle at the 
circumference 
Z AEB = 75;43°° where 2 right angles = 360°°. H396 
Therefore, in the circle about right-angled triangle AEO, 
arc A©® = 75:43°, 
and arc E® = 104;17° (supplement). 
Therefore the corresponding chords 
20? 
a a - es where hypotenuse EA = 120°. 
Therefore where AE, as we showed, is 161;55°, and DE = 120°, 
A@ = 99;23°?4 
and E® = 127;5)?. 
But we showed that the whole line EB = 252;41” in the same units. 
Therefore, by subtraction, OB = 124;50° where AO = 99;23°. 
And @B? = 15583;22 
and A@? = 9877;3 
and @B? + A@? = AB? = 25460;25. 
. AB = 159;34° where ED = 120° and EA = 161;55°. 
And, where the diameter of the eccentre is 120°, AB = 73;39 

(for it subtends an arc of 75;43°). 

Therefore where AB = 73:39? and the diameter of the eccentre is 120°, Foo7 
DS Gees) 
and EA = 74;43?. 

24 Reading ky for py (99;43°) at H396, 10 and 13. ‘23’, which is guaranteed by the rest of Ptolemy’s 

working, is found in Ger, 
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Therefore arc EA of the eccentre = 77;1° 

and, by addition [of arc ABG], arc EABG = 190;36°, 

and hence, by subtraction [from the circle], arc GE = 169;24°. 
Therefore GDE ~ 119;28? where the diameter of the eccentre is 120°. 

So [see Fig. 11.13] let the centre of the eccentre be taken inside segment EAG 
(since it is greater than a semi-circle) as point K. Draw through K and D the 
diameter of the eccentre through both centres, LKDM, and let the perpen- 
dicular from K on to GE be produced [to meet the circumference] as KNX. 

Then, where the diameter, LM = 120°, 
the whole line EG was shown to be 119;28? and ED to be 55;23°; 
so, by subtraction, DG = 64;5° in the same units. 
H398 So, since ED. DG = LD.DM, 
LD.DM = 3549;9° where diameter LM is 120°. 
But LD.DM + DK? = LK? (the square on half the diameter). 


Therefore, if from the square on half the diameter, 3600, we subtract 3549:9, we 
are left with DK? as 50;51° in the same units. 
Therefore the distance between the centres, DK ~ 7:8" 

where the diameter of the eccentre is 120°.7° 

Furthermore, since EN (= 3GE) = 59;44? where diameter LM = 120°, 
and we showed that ED = 55;23° in the same units, 
by subtraction, DN = 4;21° where DK, as we showed, = 7;8°. 
Therefore where hypotenuse [of right-angled triangle DAN] DK = 120°, 
DN=4734% 


®° DG and ED have been computed with only small inaccuracies (I find 64;5,21 and 55:23,39 for 
Ptolemy's 64;5 and 55;23), but the resulting value for the eccentricity, 7;3,33°, differs significantly 
from Ptolemy’s 7;8°. 
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and, in the circle about right-angled triangle DKN 
zie IDIN| = 7/5RII0e. 
PRN = (Gao where 2 right angles = 360°° 
37;35° where 4 right angles = 360°. 
And since Z DKN is an angle at the centre of the eccentre, 
Arcee 3/1300, 
But arc GX = 2 arc GXE = 84;42°. H399 
Therefore, by subtraction [of (arc GX + arc XM) from 180°], the arc from the 
apogee to the third opposition, 
areGL = 57;438°. 

But arc BG is given as 37;52°. 

Therefore, by subtraction, the arc from the apogee to the second opposition, 
aye JL18} = WPS le. 

Similarly, since arc AB is given as 75;43°, 
by subtraction, the arc from the first opposition to the apogee, 

ancyAl, =95-52~, 

Now again, since the epicycle centre is carried, not on this eccentre, but on 
that drawn with centre the point bisecting DK and with radius KL, we 
computed in due order, as we did for the other [planets], the differences in the 
apparent intervals {in true longitude] on the ecliptic which result from the 
above ratios (taking them to be approximately correct), if we transfer the 
epicycle’s path to the eccentre in question, which produces the ecliptic anomaly 
[i.e. the equant]. 

Thus, let there be drawn [Fig. 11.14] the diagram for the first opposition, 
[similar to] the [previous] one in the same demonstration, but drawn in advance 
of the apogee L. Then, since the angle of the mean position in longitude, 

A _ J 55;52° where 4 right angles = 360° 
aoa eS { 111;44°° where 2 right angles = 360°°, 
in the circle about right-angled triangle DZH, 
arc DH = 111;44° H400 
and arc ZH = 68;16° (supplement). 
Therefore the corresponding chords 


— bet P 


Therefore where the distance between the centres, DZ = 3;34°, 
and the radius of the eccentre, DA = 60°, 
DH = 2:57" 
and ZH = 2:0". 
And since DA? - DH? = AH?, 
AH = 59;56" in the same units. 
Similarly, since ZH = OH, 
and OE = 2DH, 
by addition, A© = 61;56” where EO = 5354”. 


26 The accumulation of small errors again leads to a significant difference between Ptolemy's 
result and the accurately computed value, 38;1°. 
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Fig. 11.14 


Hence hypotenuse [of right-angled triangle OAE] 
AE = 62;13° in the same units. 
Therefore, where hypotenuse AE = 120°, EO = 11;21°,?’ 
and, in the circle about right-angled triangle AEO, 
arc EO = 10:51° 
“. Z EAO = 10;51°° where 2 right angles = 360°°. 
H401 Furthermore, where E@ = 5;54°, 
the radius of the eccentre, ZX = 60°, and ZO = 4°; 
hence, by addition, OX, obviously, = 64°, 
and we get hypotenuse [of right-angled triangle EOX] 
EX as 64:16" in the same units. 
Therefore, where hypotenuse EX = 120°, OE = 11;2', 
and, in the circle about right-angled triangle EOX, 
arc OE = 10;33°. 
-» Z EXO = 10;33°° where 2 right angles = 360°. 
But we showed that Z EA® = 10;51°° in the same units. 
Therefore, by subtraction, the angle of the required difference, 
, . } 0;18°° where-2 right angles =.360°° 
me fou where 4 right angles = 360°. 
But the planet at the first opposition, when viewed along line AE, had an 
apparent longitude of  1;13°. Thus it is clear that if the epicycle centre were 
carried, not on AL, but on NX, it would have been at point X [at the first 


277 find 11;23°, leading to arc EO = 10;53°. 
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opposition], and the planet would have been seen along line EX, 9’ in advance 
of its [actual] position at A, with a longitude of 2 1,4°. 
Again, let there be drawn [Fig. 11.15] the diagram for the second opposition, 
[like that] in the same demonstration [previously], but drawn to the rear of the 
apogee. [Then,] since arc NX of the eccentre was shown to be 19;51°, H402 


Z NZX = Z DZH (vertically -{ 
opposite) 


19;51° where 4 right angles = 360° 
39;42°° where 2 right angles = 360°°. 


Therefore, in the circle about right-angled triangle DZH, 
arc DH = 39;42° 
and arc ZH = 140;18° (supplement). 
Therefore the corresponding chords ; 
aun me : en where hypotenuse DZ = 120°. 
Therefore, where DZ = 3;34? and the radius of the eccentre, DB = 60”, 
DH = 1313? 
and ZH = 3;21?. 
And, since DB? - DH? = BH?, 
BH & 59;59° in the same units. 
Similarly, since ZH = HO, and EO = 2DH, 
by addition, BO = 63;20° where EO = 2;26°. 
Hence hypotenuse [of right-angled triangle BEO | 
EB = 63;23° in the same units. H403 


Therefore where hypotenuse BE = 120°, EO = 4;36’, 


H404 


pB2 XI 5. Correction to account for equant: 3rd opposition 


and, in the circle about right-angled triangle BEO, 
arc E@ = 4;24° 
-. Z EBO = 4;24°° where 2 right angles = 360°°. 
Likewise, where the radius of the eccentre, XZ = 60°, 
Z® is computed as 6;42°; 
so, by addition, XO = 66;42° where E@ is given as 2;26°. 

Hence we find hypotenuse {of right-angled triangle EO X] EX as 66;45° in the 
same units. 

Therefore, where hypotenuse EX = 120°, EO = 4;23°, 
and, in the circle about right-angled triangle EOX, 

arc EO = 4;12°. 
-- Z EXO = 4,12°° where 2 right angles = 360°°. 

But Z EBO was shown to be 4;24°° in the same units. 

Therefore, by subtraction, Z BEX = — * a neaemen — 360°°. 
Here too, then, it is clear, since the planet at the second opposition, when 
viewed along EB, had a longitude of f 9;40°, that if, instead, it were viewed 
along EX, it would have a longitude of 7 9;46°. And we showed that at the first 
opposition it would, on the same hypothesis, have had a longitude of = 1;4°. 
Hence it is clear that the interval in apparent [longitude] from the first to the 
second opposition, if it were taken with respect to the eccentre NX, would be 
68;42° of the ecliptic. 

Let the diagram for the third opposition be drawn [Fig. 11.16], with the same 
layout as that set out above for the second. { Then, ] since we showed [p. 529] that 
arc N X= 57:48": 
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7s _ J 57;43° where 4 right angles = 360° 
SNES ¢ DAEs { 115;26°° where 2 right angles = 360°. 
Therefore, in the circle about right-angled triangle DZH, 
arcword = 15:26" 
and arc ZH = 64;34° (supplement). 
Therefore the corresponding chords H405 
= 10]-97° 
Pe ae i ae } where hypotenuse DZ = 120?. 
Therefore where DZ = 3;34? and the radius of theeccentre, DG = 60°, 
1H = 3:1" 
and ZH = 1;54?. 
Again, since DG? - DH? = GH?, 
GH = 59;56° in the same units. 
Similarly, since ZH = OH, and EO = 2DH, 
by addition, GO = 61;50° where EO is computed as 6;2°; 
Hence hypotenuse [of right-angled triangle GEO] 
EG = 62;8° in the same units. 
Therefore, where hypotenuse GE = 120°, E@ = 11;39?, 
and, in the circle about right-angled triangle GEO, 
arc EQ © 11;9°. 
- Z EGO = 11;9°° where 2 right angles = 360°°. 
Similarly, where the radius of the eccentre, XZ = 60°, 
ZO is computed as 3;48°; 
so, by addition, X© = 63;48? where EO was found to be 6;2°. 
Hence hypotenuse [of right-angled triangle EOX] 
EX = 64;5° in the same units. 
Therefore, where hypotenuse EX = 120°, EO = 11;18°, H406 
and, in the circle about right-angled triangle EOX, 
arc EO = 10;49° 
-. Z EXO = 10;49°° where 2 right angles = 360°°. 
But we showed that Z EGO = 11;9°° in the same units. 
0;20°° in the same units 

Therefore, by subtraction, 2 GEX = ee a eeei ag on eacisled=a G0. 
Hence, since the planet at the third opposition, when viewed along line EG, had 
a longitude of Y& 14;14°, it is clear that, if it had been on line EX, it would have 
had a longitude of Y 14;24°, and the interval from the second opposition to the 
third in apparent [longitude], taken with respect to eccentre NX, would have 
been [Vp 14;24° - f 9;46° =] 34;38°. 

Starting from these intervals, then, we follow through the same theorem, and 
find the distance between the centres of the ecliptic and the eccentre which 
produces the uniform motion of the epicycle (i.e. the distance equal to EZ 
[in Fig. 11.16}) as about 6;50° where the diameter of the eccentre is 120°, and 
{the following values] for the arcs of that same eccentre: 


from the first opposition to the apogee 37:50 
from the apogee to the second opposition 18;38° 
from the apogee to the third opposition 56; 30°. 


Here again, the above quantities have been accurately derived by this H407 


H408 
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method; for the differences in the ecliptic arcs computed from these arcs are 
very nearly the same as the previous set,”* and the apparent intervals [in 
longitude] of the planet are found to be in agreement with those observed, as we 
shall show by a procedure similar [to the preceding ones for Jupiter and Mars]. 
Let the diagram for the first opposition be drawn [Fig. 11.17], with only the 
eccentre carrying the epicycle centre. Then since the angle subtending 57;5° of 

the eccentre [i.e. equant], 

Z AZL = 57;5° where 4 right angles = 360°, 

and Z AZL = Z DZH (vertically opposite) = 114;10°° where 2 right angles 
= 000] 


Fig. 11.17 


in the circle about right-angled triangle DZH, 
arc DH = 114;10° 
and arc ZH = 65;50° (supplement). 
Therefore the corresponding chords 
DH = 100;44? 
and ZH - a where hypotenuse DZ = 120°. 
Therefore where the distance between the centres, DZ = 3:25°, 
and the radius of the eccentre, DA = 60°, 
DH = 2:52" 
and ZH = 1351". 
Furthermore, since AD? - DH? = AH?, 
AH = 59;56° in the same units. 
Similarly, since ZH = HO, and EO = 2DH, 


*8 Indeed, with one more iteration, one finds corrections of 0;9,28°, 0;5,36° and 0;9,40° (compare 
Ptolemy’s 9’, 6’ and 10’), anda result for the eccentricity and apogee agreeing very closely with that 
adopted by Ptolemy. 
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by addition, AO = 61;47° where EO is computed as 5;44?. 
Hence hypotenuse [of right-angled triangle AEQ] 
AE = 62;3? in the same units. 
Therefore, where hypotenuse AE = 120°, E® = 11;5°, 

and, in the circle about right-angled triangle AEO, 

arc EO = 10;36°. 

-. Z EAZ = 10;36°° where 2 right angles = 360°. 

But Z AZL was given as 114;10°° in the same units. 

: 103;34°° in the same units 
Therefore, by subtraction, Z AEL -{ BP ee eee 4 cight angles = 360°. 
That [51;47°], then, was the amount by which the planet was in advance of the 
apogee at the first opposition. 

Again, let the diagram for the second opposition be drawn in the same 

manner [Fig. 11.18]. [Then,] since 


Z BZL was shown to be 18;38° where 4 right angles = 360°, 


and Z BZL = Z DZH (vertically opposite) = 37;16°° where 2 right angles 
= 00", 


H409 


in the circle about right-angled triangle DZH, 
ane.Wn =3/1b° 
and arc ZH = 142;44° (supplement). 
Therefore the corresponding chords 


DH = 38;20° | 
ana 7 = Reet where hypotenuse DZ = 120°. 
So where DZ = 3;25° and the radius of the eccentre, DB = 60°, 
Bee 15° 
and ZH = 3:14". 


H410 
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And since DB? - DH? = BH?, 
BH = 59;59° in the same units. 
Similarly, since ZH = HO, and EO = 2DH, 
by addition, BO = 63;13’ where EO is computed as 2;10?. 
Hence hypotenuse [of right-angled triangle BEO] 
EB = 63;15° in the same units. 
Therefore, where hypotenuse EB = 120°, OE = 4;7°, 
and, in the circle about right-angled triangle BEO, 
ATG‘OE, =37567 
-. Z EBZ = 3;56°° where 2 right angles = 360°°. 
But Z BZL was given as 37;16°° in the same units. 


eee ; 
Therefore, by subtraction, Z BEL = ain 


observations [p. 526]. 


Now let the diagram for the third opposition be drawn [Fig. 11.19]. [Then,] 


since 


Z GZL was shown to be 56;30° where 4 right angles = 360°, 


and Z GZL = Z DZH (vertically opposite) = 113;0°° where 2 right angles 
= 360?" 


in the circle about right-angled triangle DZH, 
arc DH = 113° 
and arc ZH = 67° (supplement). 


16;40° where 4 right angles = 360°. 
Therefore at the second opposition the apparent position of the planet was 
16;40° to the rear of the apogee. And we showed that at the first opposition it 
was 51;47° in advance of the same apogee. Therefore the interval in apparent 
[longitude] from the first opposition to the second is computed as the sum of the 
above amounts, 68;27°, in agreement with the distance found from the 
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Therefore the corresponding chords 
se -4P 
sai eee _ at where hypotenuse DZ = 120°. 
Therefore, where DZ = 3;25°, and the radius of the eccentre, DG = 60° ; 
DH = 2361" 
and ZH = 1:53°. 
Again, since DG? - DH? = GH?, 
GH = 59;56" in the same units. 
Similarly, since ZH = HO, and E@ = 2DH, 
by addition, GO = 61;49° where E© is computed as 5;42°; 
hence hypotenuse [of right-angled triangle GEO] 
EG = 62;5° in the same units. 
Therefore, where hypotenuse GE = 120°, EO = 11;1°,79 
and, in the circle about right-angled triangle GEO, 
arc E® = 10;32° 
«+ Z EGO = 10;32°° where 2 right angles = 360°°. 
But Z GZL was given®® as 113°° in the same units. 
Therefore, by subtraction, Z GeL=| 102;28°° in the same units 
51;14° where 4 right angles = 360°. 
That [51;14°], then, is the amount by which the planet was to the rear of the 
apogee at the third opposition. And we showed that at the second opposition it 
was 16;40° to the rear of the same apogee. So the distance in apparent 
{longitude ] from the second opposition to the third is computed as the difference 
[between 51;14° and 16;40°], 34;34°, which is, again, in agreement with that 
derived from the observations {p. 526]. 

It is immediately clear, since the planet at the third opposition had a 
longitude of > 14;14°, and was shown to be 51;14° to the rear of the apogee, 
that the apogee of its eccentre had at that moment a longitude of m, 23°, while 
its perigee was diametrically opposite at 8 23°. 

In the same way [as before], if we draw [Fig. 11.20] the epicycle HO about 
centre G, we immediately get the mean position of the epicycle in longitude 
from the apogee of the eccentre as 56;30° (as demonstrated [p. 533]), and arc 
OK of the epicycle as 5;16° (for 2 EGZ was shown [above] to be 10;32°° where 2 
right angles equal 360°°). Therefore, by subtraction [from 180°}, 

arc HO, the arc from the apogee of the epicycle to the planet, is 174;44°. 
Therefore at the moment of the third opposition, namely in the twentieth year 
of Hadrian, Mesore 24 in the Egyptian calendar, at noon, the planet Saturn 
had the following mean positions: 


in longitude: 56;30° from the apogee of the eccentre 
(i.e. its [mean] longitude was 4 19;30°); 
in anomaly: 174;,44° from the apogee of the epicycle. 


Q.E.D. 


29Reading 1a a (with Ar) for ta t (11;10°) at H411,22. The reading is confirmed by the 


surrounding computations. 
30 Reading bnéxeito, with D, for bndxertar (‘is given’) at H412,1. 


a2 
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M 


Fig. 11.20 


: 6. {Demonstration of the size of Salurn’s epicycle} 


Next, once again, in order to demonstrate the size of the epicycle, we took an 
observation which we made in the second year of Antoninus, Mechir [ VI] 6/7 
in the Egyptian calendar [138 Dec. 22/23]. It was 4 equinoctial hours before 
midnight, for according to the astrolabe the last degree of Aries was 
culminating, while the longitude of the mean sun was 7 28;41°. At that 
moment the planet Saturn, sighted with respect to the bright star in the Hyades 
{catalogue XXIII 14], was seen to have a longitude of 9ik°, and was about 3° 
to the rear of the centre of the moon (for that was its distance from the moon’s 
northern horn). Now at that moment the moon’s positions were as follows: 

mean longitude #2 8;55° 

anomaly 174;15° from the apogee of the epicycle 

hence its true longitude must have been = 9;40° 

and its apparent longitude at Alexandria # 8;34°.°! 
Thus from these considerations too the planet Saturn must have had a 
longitude of #7 975° (since it was about 3° to the rear of the moon’s centre). 


31 Tt is far from clear for what moment these amounts are computed. The equation of time with 
respect to epoch is about - 134 minutes, and indeed the mean positions seem to be computed for 7;50 
p.m. rather than 8 p.m.; but then Ptolemy’s true longitude is much too big. I find: 


a for 7;50 p.m. for 8p.m. Ptolemy 
AC 308;52° 308,58° 308;55° 
ad Neko 174;20° 174;15° 
AC 309;29° S0orsoe 309;40°. 


Since the moon was almost on the horizon, the parallax was large: from Ptolemy’s tables I finda 


longitudinal parallax of about - 14° (-1;6° text), leading to a discrepancy of about 3° in the final 
result. 
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And its distance from the apogee of the eccentre (which was [in] the same 
[position as at the third opposition], since its shift over so short an interval is 
negligible), was 76;4°. 

Now the interval from the third opposition to this observation is 

2 Egyptian years 167 days 8 hours. 
And the [mean] motions of Saturn over this interval, calculated roughly,” are 
in longitude: 30;3° 

in anomaly: 13424". 

If we add the latter to the positions at the third opposition as found above 
[p. 537], we get, for the moment of the observation in question: 
in [mean] longitude 86;33° from the apogee of the eccentre 

in anomaly 309;8° from the apogee of the epicycle. 

With the above as data, let us again draw the diagram [Fig. 11.21] as in the 
similar proof [for Mars and Jupiter, Figs. 10.17 and 11.10], but with the 
epicycle situated to the rear of the apogee of the eccentre, and the planet in 
advance of the apogee of the epicycle, in accordance with their given positions. 


[Then,] since 


Fig. 11.21 


86;33° where 4 right angles = 360° (given) — py416 
173;6°° where 2 right angles = 360°°, 
in the circle about right-angled triangle DZM, 
are Mea 17 5;6° 
and arc ZM = 6;54° (supplement). 
Therefore the corresponding chords 


= : P 
DM = Le where hypotenuse DZ = 120”. 


Z AZB (= Z DZM) -{ 


and ZM =_7;13? 


32 These agree, to the nearest minute, with those found from the tables. Cf. p. 526 n.23. 
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Therefore, where the distance between the centres, DZ = 3;25°, 
and the radius of the eccentre, DB = 60°, 


DM ~ 3;25" 
and ZM = 0;12°. 
H417 And since DB? - DM? = BM?, 


BM = 59;54? in the same units. 
Similarly, since ZM = ML, and EL = 2DM, 
by addition, BL = 60:6° where EL is computed as 6;50?. 
Hence hypotenuse [of right-angled triangle BEL] 
EB = 60;29° in the same units. 
Therefore, where hypotenuse EB = 120°, EL = 13;33°, 
and, in the circle about right-angled triangle BEL, 
eigen!) Uo — IP Aslem 
-. Z EBZ = 12;58°° where 2 right angles = 360°°. 
But Z AZB was given® as 173;6°° in the same units. 
Therefore, by subtraction, Z AEB = 160;8°° in the same units. 

But the angle representing the apparent distance of the planet from the apogee, 
76;4° where 4 right angles = 360° 
152;8°° where 2 right angles = 360°°. 
Therefore, by subtraction, 7 KEB = 8;0°° in the same units. 
Therefore, in the circle about right-angled triangle BEN, 


Z AEK was given as 


‘ arc BN = 8° 
H418 and BN = 8;22” where hypotenuse EB = 120°. 
Therefore, where EB = 60;29°, and the radius of the eccentre is 60°, 
BN = 4;13°. 


Furthermore, since the distance of the planet from H, the apogee of the 
epicycle, was 309;8°, 
by subtraction [from 360°], arc HK = 50;52°. 
: 50;52° where 4 right angles = 360° 
p> { 10Ga4 >" avhere 2 ne arene = See”. 
But we found that Z EBZ (= Z HBO) = 12;58°°. 
Therefore, by subtraction, Z OBK = 88;46°° where Z KEB was shown to be 8°°. 
Therefore, by subtraction, Z BKN = 80;46°° in the same units. 
Therefore, in the circle about right-angled triangle BKN, 
arc BN = 80;46° 
and BN = 77;45° where hypotenuse BK = 120°. 
Therefore, where BN was found as 4,13”, and the radius of the eccentre is 60°, 
the radius of the epicycle, BK ~ 63°. 
Thus we have computed the following: 
round about the beginning of the reign of Antoninus the longitude of Saturn’s 
H419 apogee was m, 23°; 
where the radius of the eccentre carrying the epicycle is 60°, 
the distance between the centres of the ecliptic and the eccentre which produces 
the uniform motion is 6;50°, 
and the radius of the epicycle is 6;30°. 
Q.E.D. 


°° Reading bréxetto (with D) for bxdxKertan (‘is given’) at H417,13. 
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7. {On the correction of Saturn’s periodic motions} 


It remains to demonstrate the correction of the periodic motions. For this 
purpose we again selected one of the accurately recorded ancient observations. 
In this it is declared that in the 82nd year in the Chaldaean calendar, 
Xanthikos 5, in the evening, the planet Saturn was 2 digits [i.e. 10 minutes] 
below [the star on] the southern shoulder of Virgo.** Now that moment is in the 
519th year from Nabonassar, Tybi [V] 14 in the Egyptian calendar [-228 
Mar. 1], evening, at which time we find the longitude of the mean sun as 
3€ 6;10°. But the fixed star on the southern shoulder of Virgo had a longitude at 
the time of our observation of m 138°;°° thus at the moment of the observation 
in question, since to the intervening 366 years corresponds a motion of the fixed 
stars of about 33°, its longitude was, obviously, m 93°. And the planet Saturn 
had the same longitude, since it was 2 digits to the south of the fixed star. By the 
same argument, since we showed that in our time its apogee was at M, 23°, at 
the observation in question it must have had a longitude of m, 193°. From this 
we conclude that at the above moment the apparent distance of the planet from 
the then apogee was 290;10° of the ecliptic, while the mean sun was 106;50° 
from the same apogee. 

With the above as data, let there be drawn [ Fig. 11.22] the diagram as for the 
same demonstration [for Mars and Jupiter, Figs. 10.18 and 11.11], [but] with 
the epicycle located in advance of the apogee of the eccentre, and the [mean] 
sun in advance of the perigee, with the radius from the epicycle centre to the 


Fig. 11.22 


34 This is clearly a Babylonian observation: see Introduction p. 13. On the ‘digit’ see p. 322 n.5. 
The star in question, y Vir, is one of the Babylonian ‘normal stars’ (cf. p. 453 n.70). 
35 Catalogue no. XXVII 7. 
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planet drawn parallel to [the line indicating] the sun’s position. Then, since the 
apparent position of Saturn was in advance of the apogee by 69;50° (the 
difference [of 290;10°] from one revolution), the angle at the centre of the 
ecliptic, 
) eee { 69;50° where 4 right angles = 360° 
~ | 139;40°° where 2 right angles = 360°°. 
And the angle of the sun’s distance [from the apogee], . 
ee 106;50° where 4 right angles = 360° 
Se 213;40°° where 2 a pate = 360°". 
Theretore, by addition, Z OEL (= Z BOE, since BO is parallel to EL), 
is 353;20°° where 2 right angles = 360°°, 
and, by subtraction [of Z BOE from 2 right angles] 
Z BON = 6;40° in the same units. 
Therefore, in the circle about right-angled triangle BON, 
arc BN = 6;40° 
and BN = 6;58° where hypotenuse BO = 120°. 
H422 Therefore where the radius of the epicycle, BO = 6;30°, 
BN=025" 
Similarly, since Z AEO = 139;40°° where 2 right angles = 360°° 
and Z EDM = 40;20°° in the same units [complement], 
in the circle about right-angled triangle DEM, 
arc DM = 139;40° 
and DM = 112;39° where hypotenuse ED = 120°. 
Therefore, where the distance between the centres, ED = 3;25°, 
and the radius of the eccentre. DB = 60°, 
DM (XN). 
and, by addition, BNX = 3;35° where hypotenuse [of right-angled 
triangle BDX] DB = 60°. 
Therefore, where DB = 120°, BX = 7;10°, 
and, in the circle about right-angled triangle BDX, 
arc BX = 6;52° 
-» Z BDX = 6;52°° where 2 right angles = 360°° 
and, by subtraction [from a right angle], 
Z BDM = 173;8°° in the same units. 
And, by addition [of Z EDM], Z BDE = 213;28°° in the same units, 
and, by subtraction [from 2 right angles], 
Z BDA = 146;32°° in the same units. 
Therefore, in the circle about right-angled triangle DZK, 
arc ZS = 146;32° 
and arc DK = 33;28° (supplement). 
Therefore the corresponding chords 


Zi = 114s 
and DK = 34:33? where hypotenuse DZ = 120°. 


H421 


H423 
Therefore, where the distance between the centres, DZ = 3;25°, 
and the radius of the eccentre, DB = 60°, 

ZK = 37? 
and DK = 0:59, 
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and, by subtraction [from DB], KB = 59;1? where ZK = 3;17°. 
Hence hypotenuse [of right-angled triangle BZK] 
ZB = 59;6° in the same units. 

Therefore, where hypotenuse ZB = 120°, ZK = 6;40?, 

and, in the circle about right-angled triangle BZK, 

abe Zh — 0:22", 

-- Z ZBK = 6;22°° where 2 right angles = 360°. 
But we found that Z ADB = 146;32°° in the same units. 
Therefore, by addition, the angle representing the mean position in longitude, 
152;54°° in the same units 

eases -{ 76;27° where 4 right angles = 360°. 
Therefore at the moment of the above observation Saturn’s distance from the 
apogee in mean longitudinal motion was 283;33°, i.e. its [mean] longitude was 
fammli9220° + 289933° =)}tme2;53°. 

Andsince the sun’s mean position is given as 106;50°, ifwe add the 360° of one 
revolution to the latter and from the resulting 466;50° subtract the 283;33° of 
the longitude {from apogee], we get, for the anomaly at that moment, 

183;17° from the apogee of the epicycle.*® 
So, since we have shown that at the moment of the above observation, which is 
in the 519th year from Nabonassar, Tybi[V] 14,°’ in the evening, [Saturn] was 
183;17° [in anomaly] from the apogee of the epicycle, and at the moment of the 
third opposition, which was in the 883rd year from Nabonassar, Mesore [XII] 
24, noon, it was 174;44°, it is clear that in the interval between the observations, 
which comprises 

364 Egyptian years and 219% days, 
the planet Saturn has moved 

351;27° (beyond 351 complete revolutions in anomaly). 

That is again almost the same increment as one derives from the [tables for] 
mean motions which we constructed. For it was from these very same elements 
that we derived the daily mean motion [in anomaly], by dividing the total in 
degrees computed from the number of complete revolutions plus the increment 
by the total in days computed from the time [interval].°* 


8. {On the epoch of Saturn’s periodic motions} 


Now since the time interval from the first year of Nabonassar, Thoth ], noon, to 
the above ancient observation is 
518 Egyptian years 133% days, 
and this interval comprises increments of 
216;10° in longitude*® 


36 Accurate computation gives 183;16° to the nearest minute. 

37 Reading 18 for 5’ (4) at H424,6. The latter is found as the reading of the first hand in D, but is 
probably a misprint in Heiberg’s text. Corrected by Manitius. 

38 On the actual derivation of Saturn’s mean motion in anomaly see Appendix C. 

39 Reading otc t (with GD!, Ar) for cic  (216;9°), which is Heiberg’s correction (most Greek mss. 
have 216° or 216:0°). Heiberg was no doubt influenced by the fact that the mean motion, according 
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and 149;15° in anomaly, 
if we subtract the latter from the [respective] positions at the observation, we 
get, for the same moment of epoch, the mean position of the planet Saturn as 

in longitude: Vp 26;43° 

in anomaly: 34;2° from the apogee of the epicycle. 
By the same computation [as before], we find the apogee of its eccentre in 
me 14: 102° 

Q.E.D. 


9. {How the true positions can be found geometrically from the periodic motions} 


Furthermore, conversely, given the arcs of the periodic [motions] on the 
eccentre which produces the uniform motion [i.e. the equant] and on the 
epicycle, one can readily obtain the apparent positions of the planets 
geometrically, as will become clear to us through the same [diagrams as above, 
eg Fig E20]: 

For [see Fig. 11.23], in the simplified diagram containing [only] the eccentre 
and epicycle, we join ZBO and EBH. Then, if we are given the mean position in 
longitude, i.e. Z AZB, from what we proved previously, Z AEB will be given 
according to both hypotheses,*’ and so will Z EBZ, (which is the same as 


A 


Bigs 1 e23 


to Ptolemy’s table, is only 216;8,27°. But 216, 10° is confirmed by the reading 26;43° below (in which 
all mss. agree here and in IX 4: Heiberg’s correction to 26;44° must be rejected), and we must admit 
that Ptolemy made a small computing error. Cf. HAMA 182 n.15. 

*° The apogee was in m, 19;20° at the observation (p. 541). In 5183’ the movement in precession is 
5;11°. Ptolemy, through inaccuracy or rounding, found 5;10°. The latter subtracted fromm, 19;20° 
gives his result. 

*'T presume that by ‘both hypotheses’ Ptolemy means the simple eccentric model and the full, 
equant model. A possible alternative would be eccentric and epicyclic models, but since these are 
not discussed (for the planets) until Bk. XII, this seems unlikely. 


XI 9. Geometrical computation of planetary position 545 


Z HBO), and also the ratio of line EB to the radius of the epicycle. And if we also 
suppose that the planet is located on the epicycle, e.g. at point K, and, when EK 
and BK are joined, arc OK is given, then, if instead of dropping the 
perpendicular trom the epicycle centre B on to EK (as in the converse proof), we 
drop the perpendicular (here KL) from the planet K on to EB, then Z HBK will 
be given by addition [of the given angles Z @BK, Z HBO], and hence the ratio of 
KI and LB to BK and also, obviously, [their ratio] to EB.*? Accordingly, the 
ratio of the whole line EBL to LK will be given.*’ Hence Z LEK will be given, 
and we will have computed the angle AEK which comprises the apparent 
distance of the planet from the apogee. 


10. {Method of constructing tables for the anomalies\** 


However, to avoid always computing the apparent positions geometrically (for 
although that method is the only one which provides a fully accurate solution to 
the problem, it is too cumbersome to be convenient for [astronomical] 
investigations), we have constructed for each of the five planets a table which is 
as easy to use as we could devise, while at the same time being very close to full 
accuracy. [Each table] contains the individually determined anomalies of the 
planets, so that we can use them as a ready means of computing any particular 
apparent position, once we are given the periodic motions from the respective 
apogees. 

We have again arranged each of the tables in 45 lines for the sake of 
symmetry, and we have arranged each in 8 columns. The first 2 columns will 
contain the numbers of the mean positions arranged as for the sun and moon 
[III 6 and V 8}: in the first column the 180 degrees beginning from the apogee, 
from the top down, and in the second the remaining 180 degrees of the [other] 
semi-circle, from the bottom up, in such a way that the number ‘180’ is in the 
last line in both columns, and the increment in the numbers is 6° in the top* 15 
lines, but 3° in the 30 lines remaining below (for the differences between 
[successive] values for the anomalies remain almost constant for longer stretches 
near the apogee, whereas they change faster near the perigee). As for the next 
two columns, the third will contain the equations corresponding to the mean 
position in longitude (each to the arguments on the same line), computed for the 
greater eccentricity,*° but under the simplifying assumption that the centre of 
the epicycle is carried on the eccentre which produces the mean motion [i.e. the 
equant]. The fourth column will contain the corrections to the equations due to 
the fact that the epicycle centre is carried, not on the above circle, but on 
another. The method by which each of these quantities [the equation and its 
correction], both in combination and separately, can be found geometrically has 


*2 Fuclid, Data Props. 40 and 8. 

8 Euclid, Data Props. 6 and 8. 

44 See HAMA 183-6, Pedersen 291-4. 

45 Reading &vwOev (with D,Is) for dvw0ev npaditov (‘first top’) at H428,18. 

46 Ie. the equations of center computed for the double eccentricity (ZE in Fig. 11.23, where the 
equation is Z ZBE). 
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already been made plain by numerous preceding theorems.*” In this place, 
since this is a [scientific] treatise, it was appropriate to display this way of 
separating the zodiacal anomaly, and hence to tabulate it in two columns. 
However, for actual use, a single column formed by combining these two will 
suffice. *® 

Each of the next three columns will contain the equations due to the epicycle. 
These, again, are computed under a simplifying assumption, [namely] that the 
apogee or perigee of the epicycle is viewed along the line from the observer [to 
the epicycle centre].*? The way in which this kind of demonstration is 
performed has also been made plain by the previous theorems. The midmost of 
these three columns (which is the sixth from the beginning) will contain the 
equations computed for the ratio [of epicycle radius to distance of epicycle 
centre] at mean distance; the fifth will contain, [for each argument], the 
difference between the equation at greatest distance [of the epicycle] and the 
equation for the same argument at mean distance; the seventh will contain the 
differences between the equations at least distance and the [corresponding] 
equations at mean distance. For we have shown that for the following epicycle 
sizes (from now on it would be best to list [the planets] in order from the 
outermost): 

Saturn Jupiter Mars Venus ‘Mercury 
6;30° 11;30° 39;30° 43;10° 22980 , 

the mean distance, i.e. the distance [equivalent] to the radius of the eccentre 
which carries the epicycle, is 60° in all cases; and the greatest distances (with 
respect to the centre of the ecliptic), are: 


Saturn Jupiter Mars Venus Mercury 

63:25" 62;45° 66° 61; 15° 69°. 
The least distances (defined similarly) are: 

Saturn Jupiter Mars Venus Mercury 

56;35° Disa 54? 58;45° 5534 


As for the remaining, eighth column, we provided it in order that one may find 
the applicable fraction of the above differences [in cols. 5 and 7] when the 
planet’s epicycle is not exactly at mean, greatest or least distance, but in an 
intermediate position. The computation of this correction is based only on the 
maximum equation ({1.e.] that formed by the tangent from the observer to the 
epicycle) at each intermediate distance; for the [fraction] of the difference to be 
applied for any particular position [of the planet] on the epicycle is not 
significantly different from that for the greatest equation. 

But in order to make our meaning clearer, and to explain the actual method 
of computing the [fractions] to be applied, let us draw [see Fig. 11.24] the line 


*'E.g. X15 pp. 529-37 and XI 9. 

*“The didactic purpose of the Almagest is made explicit here. ‘[scientific] treatise’ is my 
translation of obvtagic. For this meaning, which is typical of Hellenistic prose, but seems not to be 
classical, see LSJ s.v. 3. In the Handy Tables Ptolemy does indeed combine the two columns into one 
and that is the pattern of all subsequent ancient and mediaeval astronomical tables. 

*“T.e. the equation of anomaly is computed as a function, not of the mean anomaly, but of the 
true, that is as counted from the true apogee of the epicycle. 


°° For this value for the least distance of the centre of the epicycle for Mercury see IX 9 p. 460 with 
n.89. 


XI 10. Computation of coefficient of interpolation See) 


through both centres (the centre of the ecliptic and the centre of the eccentre 
producing the uniform motion of the epicycle), ABGD. Let the centre of the 
ecliptic be taken at G, and the centre of the epicycle’s uniform motion [i.e. the 
equant point] at B. Produce line BEZ, describe the epicycle ZH about centre E, 
and draw the tangent to it from G, line GH. Join GE and perpendicular EH, 
and let us suppose, exempli gratia, that for each of the five planets the epicycle 
centre is 30° from the apogee of the eccentre in mean motion. 


Z A 


D 


Fig. 11.24 


Then (to avoid lengthening the computation by demonstrating the same 
thing over and over again), we have demonstrated at length in what preceded, 
both in the hypothesis for Mercury and in that for the other planets,”! that if 
Z ABE is given, the ratio of GE to the radius of the epicycle (HE) is also given. 
Hence, by means of the computations for each particular planet, with Z ABE 
taken as 30°, this ratio comes to: 

for Saturn Jupiter Mars Venus Mercury 
63:2: 6;30 62:26: 11;30 65;24: 39;30 61;6°2: 43;10 66;35: 22:30. 
Thus we will get for Z EGH, which comprises the maximum epicyclic equation 
at that point, 
for Saturn Jupiter Mars Venus Mercury 
5;553° 10; 363° 37;9° 44;562° 19;45°. 
And we compute the greatest equations at the mean distance, according to the 
ratios set out just above, as (to avoid repetition, we [simply list them] in an order 
corresponding to the above order of the planets): 
G:113° 3° 41;10° 46;0° 22 
3! Mercury, IX 9 pp. 457-60; other planets, X 2, X 8, XI 2, X16. 


52 Reading Ea ¢ (with AD,Ar) for Ga Kc (61;26) at H433,4. At H503,5 all mss. have 61;6. 
Corrected by Manitius. 
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those at the greatest distances as 


5:53" 10;348 36;45° 44;48° I gee 
and those at the least distances as 
6;36° bis5s Cin ie 47;17° 23553" 

H434 Thus the differences between the equations at mean distance and those at 

greatest distance are : 

0;20° 029° AyZp° Li? : 30e. 
while the differences between [those at mean distance and] those at least 
distance are 

0:25° 0;32> ae ee 1,518. 

Now the equations of the distances in question [for a mean longitude of 30° 
from the apogee] are less than those for mean distance, and differ from the latter 
by the following amounts: 

0;172° 0;263° 4;1° 1;33° ee 
and the latter (expressed as sixtieths of the above total differences between [the 
equations for] mean and greatest distance)’ are 

for Saturn Jupiter Mars Venus Mercury 

52;30 250 oaca4 D259 45:40. 
So those are the values, in sixtieths, which we put in the 8th column of the 
appropriate table, on the line containing the number ‘30’ for the mean motion 
in longitude. 

H435 For those distances which have equations greater than those at mean 
distance, we again reduced the [resulting] diflerences to sixtieths, but in this 
case expressed as fractions, not of the [corresponding] equations at greatest 
distance, but of those at least distance. In the same way [as above], we 
performed the computation for all other positions [of the epicycle] at 6° 
intervals of mean longitude,”* and tabulated the resulting fractions, expressed 
in sixtieths, opposite the appropriate arguments. As we said, the fraction of the 
difference to be applied is sensibly the same even when the position ofa planet is 
not at the greatest epicyclic equation, but at some other point on the epicycle. 

The layout of the five tables is as follows. 

H436-45 11. {Planetary equation tables}°° 


[See pp. 549-53. ] 


3Thus, e.g., for Saturn 0;175 : 0;20 = 524 : 60. 
** The statement that these values were computed at 6° intervals, even where the function is 


tabulated at 3° intervals, is easily verified by taking the differences between successive values in col. 
8 for Mars. 
°° Corrections to Heiberg: 


H441,49 Mars, arg. 174°, col. 6, Read 10 t¢ (with Ar) for ta 18 (11;19°). Computed: 11,;16°. 
H442,17 Venus, arg. 66°, col. 6. Read xg v¢ (with DL) for Kg AC (26;37°). 26;57° is the value I 
compute, and it also agrees with the value in col. 2 of the latitude table (XIII 5). 
H443,34 arg. 129°, col. 3. Read a vd (with Ar) for a va (1;51°). Corrected by Manitius. 
H443,36 arg. 135°, col. 6. Read pe vO (with D,Ar) for pe ve (45;35°). Computed: 46;0°. 
H443,43 arg. 156°, col. 7. Read a py (with D,Ar) fora vn (1;58°), which is obviously wrong since 
it is greater than the value for 159°. Computed: 1;47°. Corrected by Manitius. 
H444,9_ Mercury, arg. 18°, col. 5. Read o k@ (with Ar) for o Kd (0;24°). Computed: 0;29°. 
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SATURN 
APOGEE: ty 14;10° 


] 2 3 4 5 | 6 7 

Equation Difference Equation 

Common in in Subtractive of Additive 

Numbers Longitude | Equation ; Difference Anomaly | Difference Sixtieths 
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JUPITER 
APOGEE: mp 2;9° 


l 2 3 4 5 6 7 
Equation | Difference Equation 
Common in in Subtractive of Additive 
Numbers Longitude | Equation Difference Anomaly Difference Sixtieths 
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MARS 
APOGEE: & 16;40° 


l 2 3 4 5 6 7 
Equation Difference Equation 
Common in in Subtractive of Additive 
Numbers Longitude Equation Difference Anomaly Difference Sixtieths 
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VENUS 
APOGEE: 8 16;10° 


1 2 3) 4 5 6 7 
Equation Difference Equation 
Common in in Subtractive of Additive 
Numbers Longitude Equation Difference Anomaly Difference Sixtieths 
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MERCURY 
APOGEE: = 1;10° 


1 2 3 4 5 6 7 
Equation Difference Equation 
Common in in Subtractive Additive 
Numbers Longitude Equation Difference ) Difference Sixtieths 
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Dos XI 12. Computation of planetary position from tables 
12. {On the computation of the longitude of the 5 planets}°° 


So when we want to determine the apparent position of any one of the planets 
from the periodic motions in longitude and anomaly, by employing the above 
[tables], we carry out the numerical computation (which is one and the same for 
all five planets) in the following way. 

From the tables for mean motion we compute the mean positions in longitude 
and anomaly for the moment required (by addition, and casting out complete 
revolutions). Then, taking as argument the distance from the apogee of the 
eccentre at that moment to the mean position in longitude, we enter the 
anomaly table belonging to the planet in question, and take the value for the 
longitudinal correction corresponding to that argument in the third column, 
together with the value (in minutes) in the fourth column (which has to be 
added or subtracted). We subtract the result from the [mean] longitude and 
add it to the anomaly if the above-mentioned argument for the longitude [1.e. 
the mean centrum] falls in the first column, but if it falls in the second column, 
we add the result to the longitude and subtract it from the anomaly, to get both 
positions corrected. 

Then we enter with the corrected anomaly [counted] from the [epicyclic] 
apogee into [one of] the first two columns, take the corresponding amount in the 
sixth column (the equation for mean distance), and write it down separately. 
Similarly, we enter with the amount for the mean longitude [i.e. mean 
centrum] (which we used as argument at the beginning) into the same 
argument [columns]; then, if {that argument] falls in the upper lines, which are 
closer to the apogee than that for mean distance (this will be clear from the 
entries in the eighth column),”’ we take the corresponding number of sixtieths 
in the eighth column, take, from the fifth column (for the [difference at] greatest 
distance), the entry on the same line as that for the equation at mean distance 
which was written down separately, form the fraction of that [entry for the] 
difference corresponding to the above number of sixtieths, and subtract the 
result from the amount which we wrote down separately. But if the argument of 
the above longitude [1.e. the mean centrum] falls in the lower lines, which are 
closer to the perigee than that for mean distance, we take the corresponding 
number of sixtieths in the eighth column, as before, take, from the seventh 
column (for the [difference at] least distance), the entry corresponding to the 
equation for mean [distance] which was written down separately, form the 
fraction of that difference corresponding to the above number of sixtieths, and 
add the result to the number we wrote down separately. The result will be the 
corrected equation [of anomaly]. Ifthe corrected anomaly is in the first column, 
we add that corrected equation to the amount for the corrected longitude, 
but we subtract it if the corrected anomaly is in the second column. Using the 
result to count from the apogee of the planet at that moment, we reach its 
apparent position. 


5® See HAMA 186-7 and Appendix A, Example 14. 
al Le. ifthe entry in the eighth column is subtractive, the epicycle centre is closer to apogee than to 
mean distance; if additive, closer to perigee (for Mercury, to least distance) than to mean distance. 


Book XII 


1. {On the preliminaries for the retrogradations}} 


Now that we have demonstrated the above, the appropriate sequel would be to 
examine the greatest and least retrogradations associated with each of the 5 
planets, and to show that the sizes of these, [as computed] from the above 
hypotheses, are in as close agreement as possible with those found from 
observations. 

In the definition of this kind of problem, there is a preliminary lemma 
demonstrated (for a single anomaly, that related to the sun) by a number of 
mathematicians, notably Apollonius of Perge, to the following effect. 

[1] If[the synodic anomaly] is represented by the epicyclic hypothesis, in which 
the epicycle performs the [mean] motion in longitude on the circle concentric 
with the ecliptic towards the rear [1.e. in the order] of the signs, and the planet 
performs the motion in anomaly on the epicycle [uniformly] with respect to its 
centre, towards the rear along the arc near the apogee, and if a line is drawn 
from our point of view intersecting the epicycle in such a way that the ratio of 
half that segment of the line intercepted within the epicycle to that segment 
intercepted between the observer and the point where the line intersects the 
epicycle nearer its perigee is equal to the ratio of the speed of the epicycle to the 
speed of the planet, then the point on the arc of the epicycle nearer the perigee 
determined by the line so drawn is the boundary between forward motion and 
retrogradation, so that when the planet reaches that point it creates the 
appearance of station. 

[2] If the anomaly related to thé sun is represented by the eccentric hypothesis 
(which 1s a viable hypothesis only for the three [outer] planets which can reach 
any elongation from the sun),* in which the centre of the eccentre moves 
funilormly] about the centre of the ecliptic with the speed of the [mean] sun 
towards the rear [i.e. in the order] of the signs, while the planet moves on the 
eccentre in advance [1.e. in the reverse order] of the signs with a speed [ uniform] 
with respect to the centre of the eccentre and equal to the [mean] motion in 
anomaly, and ifa line is drawn in the eccentre through the centre of the ecliptic 
(i.e. the observer) in such a way that the ratio of half the whole line to the 
smaller of the two segments of the line formed by [the position of] the observer is 


'On chs. 1-6 see HAMA 190-201, Pedersen 331-49. 

* This type of eccentric model is in fact applicable to the inner planets as well, provided that, for 
the speed of the centre of the eccentre, one uses, not the speed of the mean sun, but the sum of the 
speeds of the mean sun and the planet’s anomaly (which sum is the same as the modern heliocentric 
mean motion). I do not understand why Ptolemy does not recognise this. 
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equal to the ratio of the speed of the eccentre to the speed of the planet, then 
when the planet arrives at the point in which the above line cuts the arc of the 
eccentre near the perigee, it will produce the appearance of station. 

We too shall achieve the required result by a method which, though 
summary, is none the less more convenient: we employ a proof which contains 
both hypotheses combined in a common [figure], to demonstrate their 
agreement and similarity in these ratios of theirs too.’ 

Let [Fig. 12.1] the epicycle be ABGD on centre E and diameter AEG, which 
is produced to Z, the centre of the ecliptic (i.e. our point of view). Cut off equal 
arcs, GH, GO, on either side of the perigee G, and draw ZHB and ZOD from Z 
through points H and ©. Join DH and B® to intersect each other at point K, 
which will, obviously, lie on diameter AG. 

We say, first, that 

AZ:ZG = AK_KG. 
[Proof:] Join AD, DG, and draw LGM through G parallel to AD. Then LGM 
will, obviously, be perpendicular to DG (for Z ADG is right). 
Then, since Z GDH = Z GDO [on equal arcs, Euclid HI 27], 
GL = GM [triangles LDG, MDG congruent]. 


Fig. 12.1] 


*‘in these . . . too’ refers to the earlier demonstrations of the equivalence of the hypotheses in III 3 
and IV 5. Note that Ptolemy opposes his proof (Hyetc 52) to that of the earlier mathematicians, 
notably Apollonius (rpoanoderkvdovat pév, H450,9). This counts against Neugebauer’s supposi- 
tion (HAMA 264) that Ptolemy has taken this elegant equivalence theorem from Apollonius, 
despite its relationship to Conics II] 37-40 and to Plane Loci II 8 (‘Circle of Apollonius’). 
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-. AD:GL = AD:GM. 
But AD:GM = AZ:ZG [triangle ADZ ||| triangle GMZ] 
and AD:LG = AK:KG [triangle ADK ||| triangle GLK]. 
“wAA: ZG = AK: KG. 

So, if we imagine epicycle ABGD to be the actual eccentre in the eccentric 
hypothesis, the point K will be the centre of the ecliptic, and diameter AG will 
be divided by it in the same ratio as [the corresponding amounts} in the 
epicyclic hypothesis. For we have shown that the ratio of the greatest distance in 
the epicyclic [hypothesis], AZ, to the least distance, ZG, is the same as the 
greatest distance in the eccentric [hypothesis], AK, to the least distance, KG. 

We also say, [secondly], that 

DZ:Z© = BK:KO. 
{Proof:] In the similar diagram [ Fig. 12.2] join the line BND (obviously, this will 
be perpendicular to diameter AG), and draw ©X parallel to it from ©. Then, 


since 


z 


Fig. 12.2 


BN = ND, 
BN: X© = ND:X0. 
But ND:X@ = DZ:ZO [triangle ZND ||| triangle ZXO] 
and BN:X® = BK:K® [triangle BNK ||| triangle OXKj]. 
2 DZ:20 =BE: KO. 
So, componendo, 


(DZ+Z@):ZO = BO:OK. 
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And, dropping perpendiculars EO and EP, and dwwidendo, [we get], 

OZ:ZO = PO:KO.* 
And, dividendo once again, 

O0:ZO = PK:KO. 
Therefore, if, in the epicyclic hypothesis, DZ is drawn in such a way that the 
ratio of OO to ZO equals the ratio of the speed of the epicycle to the speed of the 
planet, in the eccentric hypothesis PK:K© will have that same ratio. 

The reason that in this case [i.e. in the eccentric hypothesis] we do not use this 
ratio obtained dividendo (namely PK:K®@) to get the stations, but rather the 
undivided ratio (namely PO:K®), is that the epicycle’s speed is in the same 
ratio to the planet’s as the [mean] motion in longitude (alone) to the [mean] 
motion in anomaly, whereas the ratio of the eccentre’s speed to the planet’s is 
the same as that of the sun’s mean motion (i.e. the sum of the planet’s [mean] 
motions in longitude and anomaly) to the motion in anomaly. Thus, e.g. for 
Mars, 

speed of epicycle : speed of planet ~ 42:37 
(for that, approximately, is the ratio which, as we demonstrated, holds between 
the [mean] motions in longitude and anomaly).° 

Hence that is also the ratio of OO:OZ. 

But speed of eccentre= speed of planer = [42 + 37 =| 79:57, 
Le. this is the same as the ratio obtained componendo, PO:OK, 
since we found that the divided ratio, PK:K®, is equal to OO:@Z (1.e. 42:37). 

Let the above suffice us as preliminary theorems. It remains to prove that 
when one takes lines [corresponding to ZD, BO] divided in the ratio described, 
then in both hypotheses H and © represent the points in which station appears 
to take place, and [thus] arc HGO must be retrograde, and the remainder [of 
the circle] possessing forward motion. [For this purpose] Apollonius proposes 
the following preliminary lemma. 

[See Fig. 12.3.] In triangle ABG, in which 

BG > AG, 
if we cut off [from GB] GD= AG,° then 
GD:BD> Z ABG:Z BGA. 
His proof is as follows. 
Complete the parallelogram ADGE (he says), and let BA and GE be 
produced to meet at Z. Then, since 
AE {= CD)= AG, 
the circle drawn on centre A with radius AE will either pass through G or 
beyond G. Let it be drawn to pass through G, as HEG. Then, since 
triangle AEZ > sector AEH 
and triangle AEG < sector AEG, 
triangle AEZ : triangle AEG > sector AEH : sector AEG. 
But sector AEH : sector AEG = Z EAZ:Z EAG 


*For DZ + ZO = 2OZ, and BO = 2PO (Euclid III 3). -. 20Z:ZO = 2PO:OK. -. OZ:ZO = PO:OK. 
It is this last step which is described as divedendo (61€A.6vt1). See Introduction pp. 17-18 for the two 
senses of this term. 

°IX 3 p. 424. 37 returns in anomaly correspond to about 42 revolutions in longitude and 79 years. 

® Literally ‘not less than AG’, 
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G D B 


Pig. 233 


and triangle AEZ : triangle AEG = ZE:EG (bases).’ 
-- ZE:EG > Z ZAE:Z EAG. 
But ZE:EG = [ZA:AB =] GD:DB. 
And Z ZAE = Z ABG 
and: 2b AG = 2 BGA: 
Gl) DB = Z7AbG7 AGE. 
And it is obvious that if GD (= AE) is supposed, not equal to AG, but greater, 
the difference in the ratios will be even greater. 

Now that we have established this preliminary lemma, let [Fig. 12.4] the 
epicycle be ABGD on centre E and diameter AEG. Produce AEG to Z, 
[representing] our point of view, so that 

EG:GZ> speed of epicycle : speed of planet.® 
Thus it will be possible to draw a line ZHB? in such a way that 
}BH:HZ = speed of epicycle : speed of planet. 
Then, by what we proved previously, if we cut off arc AD equal to arc AB, and 
join DOH, point © will represent our point of view in the eccentric hypothesis, 
and 
3DH:OH = speed of eccentre : speed of planet. 

We say, then, that in either hypothesis, when the planet reaches point H, it 
will produce the appearance of station, and if we cut offarcs, however small, on 
either side of H, we will find that the arc intercepted towards the apogee will be 
an arc of forward motion, and the arc towards the perigee will be retrograde. 
[ Proof: | First, cut offan arbitrary arc towards the apogee, KH, draw ZKL and 
KOM, and join BK, DK and also EK and EH. 

Then since, in triangle BKZ, 

BH > BK,"° 
BH:HZ>Z HZK:Z HBK [cf. above]. 


"Euclid VI 1: triangies with the same height are in proportion to their bases. 


® The situation where EG:GZ = speed of epicycle : speed of planet is the limiting situation for 


retrogradation to occur: see p. 561. 

9 Because of Euclid HI 8, which proves that of all lines drawn to a circle from a point outside it, 
that through the centre is the least. 

1 Buclid TI 15. 
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Z 


Pigs h24 


.. 3BH:HZ > 2 HZK:2 Z KBH = Z HZK:Z2 KEH 
But 3BH:HZ = speed of epicycle : speed of planet. 
-. 2 HZK:Z KEH < speed ofvepieyele : speedsofeplanet. 
Therefore the angle which has the same ratio to Z KEH as the ratio (speed of 
epicycle : speed of planet) is greater than Z HZK. Let that angle be Z HZN. 
Then, in the time that the planet takes to travel arc KH of the epicycle, the 
epicycle centre has moved in the opposite direction by an amount equal to the 
[angular] distance from ZH to ZN. So it is clear that arc KH of the epicycle has 
moved the planet in advance through an angle at our eye (2 HZK) whichis less 
than the angle (4 HZN) through which [the motion of] the epicycle itself has 
moved it towards the rear during the same space of time. Thus the planet has 
undergone a forward motion [of the amount] of Z KZN. 
Similarly, to carry out the reasoning as if the circle [ABGD] were an 
eccentre:'! 


"Reading ts éni Exxévtpov TOD KUKAOD (with C”D) for dc Eni tod Exxévtpov KUKAOv (‘as on 
the eccentric circle’) at H460,13. 
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since BH:HZ >Z HZK:Z HBK, 
componendo, BZ:ZH >[Z HZK + Z HBK =] Z BKL:Z HBK. 
But BZ:ZH = DO:OH."”” 
And Z BKL = Z DKM*® 
and Z HBK = 2 HDK. 
-» DOOM >Z DKM:Z HDK. 
So, componendo; DH:H© > [Z DKM + Z HDK =] Z HOK:Z HDK. 
Therefore, dividendo, 3DH:H@ > Z HOK:2 Z HDK = Z HOK:Z HEK. 
But 3 DH:@H = speed of eccentre : speed of planet. 
-. £ HOK:Z HEK < speed of eccentre : speed of planet. 
Therefore the angle which bears the same ratio to Z HEK as the speed of the 
cecentre bears to the speed of the planet is greater thanZ HOK. Let it, again, be 
Z HON. So, since the planet, in its own motion along KH, has travelled in 
advance through Z KEH, and in the same space of time has been carried by the 
motion of the eccentre towards the rear through Z HON, which is greater than 
Z KOH, it is clear that, by this [hypothesis] too, the planet will appear to have 
undergone a forward motion [of the amount] of Z KON. 
It is easy to see that the same method can be used to prove the opposite case, '* 
if in the same figure [Fig. 12.5] we suppose that 
3LK:KZ = speed of epicycle : speed of planet 
and hence 3MK:@K = speed of eccentre : speed of planet; 
and imagine arc KH cut off towards the perigee side of line LZ. 
For, if we join LH to produce the triangle LZH, in which there is cut off 
ZK > ZH, then 
Lisi 2 <2 HAkeZ HLK. 
a aUKRZ= 2 HZK2 2 ALK = Z HZK:Z KEH, 
which is the opposite of what was proved above.'” 
And, by the same reasoning, one will come to a conclusion opposite [to the 
above, namely] that 
Z KEH:Z HZK < speed of planet : speed of epicycle 
and 4 KEH:Z HOK< speed of planet : speed of eccentre. 
So the angle which has the same ratio [to Z HZK or Z HOK as the speed of the 
planet has to the speed of the epicycle or eccentre| turns out to be greater than 
Z KEH, and the resulting retrograde [component of] motion is greater than the 
forward. 
Furthermore, it is clear that for distances at which 
EG:GZ < speed of epicycle : speed of planet 
it will be impossible to draw another line [to the circle which will be cut] ina 
ratio equal to that [of the speeds of epicycle and planet], and the planet will not 
appear stationary or retrograde. 


® This was proven p. 557 (in Fig. 12.2 DZ:Z@ = BK:K®). 

13 Euclid III 27: angles standing on equal arcs are equal. Ie. Ptolemy assumes that arc BL = arc 
DM. This follows from the fact that © is a fixed point for given Z (cf. HAMA 264-5). Cf. p. 556, 
where it is shown that AZ:ZG = AK:KG, hence K (corresponging to © here) is a fixed point. 

'4T.e. that the planet will be retrograde on the other side of the point defined by the ratio of the 


speeds. 
15.5, 560, where ? BH'-HZ > Z HZK:Z KEH. 
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ie 


Rigel 2.5 


For since, in triangle EKZ, EG has been cut off and is [equal to, i-e.] not less 
than EK, 
Z G@ieZ GEIS< EGGZ. 
But EG:GZ < speed of epicycle : speed of planet. 
-. Z GZK:Z GEK < speed of epicycle : speed of planet. 
H464 Hence, since we have shown [p. 560] that, where this occurs, the planet has 
undergone a forward motion, we shall find no arc either on epicycle or on 
eccentre on which it will appear retrograde. 


2. {Demonstration of the retrogradations of Saturn} 
That being established, we shall next set out the calculations of the retro- 


gradations for each of the planets, in accordance with the hypotheses 
[previously] demonstrated, beginning with Saturn. The method is as follows. 
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[See Fig. 12.6.]'® Let the circle carrying the epicycle centre be AB on 
diameter AGB, on which G represents the centre of the ecliptic, i.e. our point of 
view. Describe the epicycle DEZH on centre A, and draw line GZE in sucha 
way that, when perpendicular A® is dropped on to it, the ratio of half EZ (i.e. 
©Z) to ZG is that of the speed of the epicycle to the speed of the planet. Let us 
suppose, first, that the epicycle is situated at mean distance: thus the mean 
motions in longitude and anomaly are very nearly the same as the motions [in 
longitude and anomaly] taken with respect to the centre of the ecliptic." 

Now for Saturn, as we demonstrated [XI 6}, where the mean distance GA is 
60°, the epicycle radius AD = 63°. 
Thus, by addition, DG = 66;30°, 
and, by subtraction, GH = 53;30° in the same units. 


16 Ptolemy uses an identical simplified figure (Figs. 12.6 - 12.12), in which the observer, G, is 
represented as the centre of the circle, for all situations. The actual situation is depicted in Fig. Q 
(copied from Manitius), where the subscripts 1, 2 and 3 represent the situations at mean, greatest 
and least distances respectively. 

'7T e. because the epicycle centre is the same distance from the observer as it would be in the 
simple model treated in ch. 1, one can assimilate the situation to that, and use the mean motions 
unmodified. As Ptolemy says, this involves an approximation, since the centre of motion is not the 
observer, but the equant point. However, for small eccentricities this is negligible. 
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B 


Fig, 12.6 


Thus their product’® is 3557;45". 
But DG.GH = EG.GZ, 
so EG.GZ = 3557;45" in the same units. 
Furthermore (in accordance with the mean motions), where the speed of the 
epicycle (i.e. OZ) is 1”, the speed of the planet (i.e. ZG) is about 28;25,46"."° 
Therefore, by addition, EG [= ZG + 2OZ] = 30;25,46°, 
and EG.GZ = 865;5,32” in the same units. 

H466_— So if we divide”® 3557;45 by 865;5,32, which gives a quotient of 4;6,45, take the 
square root of the latter, 2;1,40, and multiply this factor intoOZ (= 1") and ZG 
(= 28;25,46°) separately, we get 

OZ= 2:1,40°| 
and ZG = 57;38,55° { 
Then if we join AZ, where AZ = 6;30", 
ZO = 2:1 
so where AZ = 120°, ZO = 37:26,9'. 
Therefore, in the circle about right-angled triangle AZO, 
arc OZ = 36;21,15°,?! 
= 36;21;15°° where 2 right angles = 360°° 
oa 7.80} =~ 18:10,38° where 4 cau se tilae = 360°. 


where (EG.GZ) = 3557;45°. 


'8 Literally ‘the rectangle contained by them’. 

'° Taking the mean daily motions tabulated in IX 4 one finds the ratio of longitude to anomaly as 
1 : 28:25,55 ... Ptolemy may have taken the rounded numbers 0;57,7,43°/4 and 0;2,0,34°/., 
which lead to 28;25,48. 

rapapdrAwpev mapa, literally ‘measure it by laying alongside’. 

2! Accurately, 36;21,20°. 


XII 2. Saturn’s retrogradation at mean distance 565 


Furthermore, where hypotenuse [of right-angled triangle AGO] GHA = 60°, 
by addition, GZO [= 57;38,55° + 2;1,40"] = 59;40,35°, 
so where GHA = 120°, GZO = 119;21,10°. 
So, in the circle about right-angled triangle AGO, 
arc GO = 168;5,39°. 
. = 168;5,39°° where 2 right angles = 360°° 
a cao = $4200 where 4 right angles = 360° . 
Hence we get Z AGO = 5;57,10° (complement), 
and Z ZAH = Z GAO - Z ZA® = 65;52,12°. 

So, since the planet is seen along line GZ at first station, and along GH at 
[mean] opposition, it is clear that, if the epicycle centre had no motion towards 
the rear [during this interval], arc ZH of the epicycle, comprising 65;52,12°, 
would produce a retrograde motion of the amount of Z AGZ, 5;57,10°. But 
since, according to the above ratio of the speed of the epicycle to the speed of the 
planet, to this anomaly of 65;52,12° correspond approximately 2;19° in 
longitude,” we get a retrograde motion of: 


from either station to opposition 3;38, 10° and 69° 
(the latter is approximately the time the planet takes to nove 2;19° in mean 
longitude), 

and a total retrogradation of 7;16,20° and 138°. 


Next we will investigate the [corresponding] quantities near the greatest 
distance under the same conditions, namely when the opposition halfway 
between the [two] stations brings the epicycle centre precisely to the apogee of 
the eccentre, and, obviously, brings each of the two stations to a distance in 
corrected longitude from the opposition (i.e. from the apogec)** which is close to 
the 2;19° which was derived [above] from the ratio between the mean 
[motions]. In this situation AG, which represents the distance at that moment, 
is negligibly different from the greatest distance,” and hence is obtained via the 
theorems previously developed, and to 1° of longitude corresponds an equation 
of about 6;30’.2° Therefore the ratio of the corrected [motion in] longitude to 
the corrected [motion in] anomaly, i.e. of the apparent speed of the epicycle at 
that moment to the apparent speed of the planet, is 0;53,30 : 28;32,16.?’ 

Then, repeating the same figure [Fig. 12.7], where the radius of the epicycle 
DA is 6;30°, GA (which is negligibly different from the greatest distance) is 
63:25 

Hence, by addition, DG is computed as 69;55°, 

and, by subtraction, GH = 56;55°. 
And DG.GH (= EG.EZ) = 3979;25,25°. 


TS ye easy 18) = aE) IU 

43 5-57,10° — 2;19° = 3;38,10°. In 69 days the planet moves 2;18,39° in longitude, i.e. here (and 
throughout) Ptolemy rounds to the nearest day or convenient fraction of a day. 

24 Since this must be the meaning, one has to correct Heiberg’s punctuation at H468,3, deleting 
the comma after p1}Kouc, and inserting a comma after droyeiov. 

25 Since the epicycle centre is in the apogee of the eccentre halfway between the stations, at the 
actual stations the epicycle is a little before or after apogee: hence ‘negligibly different’. 

26 In the anomaly table for Saturn (XI 11), to 6° corresponds an equation of centre of 39’: hence to 
I’ corresponds exactly 63’. 

271 e. 1° — 0;6,30° and 28;25,46° + 0;6,30° (cf. p. 564.19). On the rationale for this procedure see 
HAMA 193-4. 
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Fig. 12.7 


And, by hypothesis, where ZO (representing the speed of the epicycle) is 
H469 0;53,30°, GZ (representing the speed of the planet) is 28;32,16°; 
so, by addition, EG [= GZ + 2ZO] = 30;19,16°, 
and EG.GZ = 865;17,50°. 

So, again, dividing 3979;25,25 by 865;17,50, which gives 4;35,56, taking the 
square root of the latter, 2;8,40, and multiplying this factor into@Z (= 0;53,30°) 
and ZG (= 28;32,16°) separately, we get 

a ale p 
4ae ne : Pee where AZ =6700" and@iG = 63729. 
And, by addition, GO = 63;6,36° in the same units. 
Therefore where hypotenuse AZ [of right-angled triangle AZO] = 120°, 


O7.= 3518-9. 
and where hypotenuse GA [of right-angled triangle AGO] = 120°, 
GO S819 25. 


Therefore, in the circle about right-angled triangle AZO, 
are OZ =34-1582, 
and, in the circle about right-angled triangle AGO, 
arc GO = 168;43,38°. 


H470 -- ZZAO = 34;13,4°° : 
and Z GAO = 168:43.38°° where 2 right angles = 360°. 


2 LAO = V7;6j82° : 
and'Z GAG Set ho where 4 right angles = 360°. 


Hence, by subtraction [from 90°], 2 AGO (which represents the amount of 
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retrogradation*® which there would be between either of the stations and 
opposition, if the epicycle had no”? forward motion) is 5;38,11°, 

and, by subtraction [of Z ZA© from Z GA®], Z ZAH (which represents the 
apparent motion on the epicycle*’ at the same [unchanging] distance) is 
Gia. 7°. 

Now, according to the ratio of the speeds at the apogee, to the latter amount 
correspond 2;6,6° in corrected longitude;*! so we get, for half of the total 
retrogradation, 

[5;38,11° - 2;6,6° = ] 3;32,5° and 703? 

(the latter is approximately the time the planet takes to travel 2;21,25° in mean 
longitude, which is the amount corresponding to the above 2;6,6° in corrected 
longitude); 

and, for the total retrogradation, 

7;4,10° and 1405°. 

Again, we will investigate the [corresponding] quantities near the least 

distance, using the same figure [Fig. 12.8] and under similar conditions, i.e. 


B 


Fig. 12.8 


?8 Reading tij¢ (with C*D) for tod at H470,6. Cf. H473,1. Corrected by Manitius. 

29 Reading pndév at H470,8 for pndevoc. There is no ms. authority for my correction, but it is 
necessary for the sense. As a consequence of the corruption of Tfj¢ to ToD just above, it was assumed 
that mponyrjoEemMs was connected with bmeAeimeto, hence pndév was changed to pndevoc to agree 
with it. 

30 By ‘apparent motion’ Ptolemy means ‘as counted from the true [and not the mean] epicyclic 

rigee’. | 
eS One might suppose from what he says here that Ptolemy computes 67;15,17° x 0;53,30/28,32,16. 
This leads to 2;6,5°. The actual method of computation is explained at the end of XII 6 (p. 582). It is 
as follows: 67;15,17° x 1/28;32,16 = 2:21,24°. To the latter corresponds an equation of 0;15,19°, 
which, subtracted from 67;15,17°, gives about 67°. Then 67° x 1/28;25,46 = 2;21,25°. 2;21,25° - 
Ql 5 JCP = Pas. 


H47) 
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when the opposition halfway between the [two] stations is precisely at the 
perigee of the eccentre, and both stations are the above [ca. 2;19°] distance in 
longitude from the opposition (i.e. from the perigee). 

In this situation the distance at that moment, AG, is found in the same way 
[as at greatest distance], since it is negligibly different from the least distance. 
And to 1° of longitude corresponds an equation of about 7;20 minutes.*? So here 

apparent speed of epicycle : apparent speed of planet = 1;7,20 : 28;18,26.*° 

Hence, where @Z = 1;7,20°, GZ = 28;18,26°, 
and, by addition, EG = 30;33,6°,** 
and EG.GZ = 864;49,58°.* 
But where the epicycle radius, DA = 6;30°, 
AG (which is negligibly different from the least distance) is 56;35°; 
hence, by addition, DG = 63;5°, 
and, by subtraction, GH = 50;5°, 
and DG.GH (= EG.GZ) = 3169}25,25'. 
Therefore if, as before, we divide 3159;25,25 by 864;49,58, which gives 3;39,12, 
take the square root of that, 1;54,41,°° and multiply the latter factor into OZ 
(= 1;7,20°) and ZG (= 28;18,26°) separately, we get 


OZ = 2;8,43° 
where the epicycle radius, AZ = 6;30°, and the distance at that moment, AG = 
56:00. 


and GZ = 54;6,22" in the same units. 
Hence, by addition, GO = 56;15,5” in the same units. 
Therefore, where hypotenuse AZ = 120°, OZ = 39;36,18°, 
and, where hypotenuse GA = 120°, GO = 119;17,46°.°7 
Hence, in the circle about right-angled triangle AZO, 
arc Z® = 38;32,34°, 
and, in the circle about right-angled triangle AGO, 
arc GO = 167;34,54°. 
. £2 LAO = 385251" 


and / GA® = 167:34 ae where 2 right angles = 360°°. 


And Z ZA® = 19;16,17° 


and Z GA®@ = 83:47 a} where 4 right angles = 360°. 


Therefore, by subtraction [from 90°], we get Z AGO, which represents the 
retrogradation (due to the planet’s speed) between either of the stations and 
opposition, as 6;12,33°, 


*? To an argument of 177° (= 180° — 3°) corresponds (Table XI 11) an equation of centre of 0;22°. 
Hence to 1° near perigee corresponds 0;7,20°. 

Te. 1 + 0;7,20 and 28;25,46 — 0;7,20. 

“* Deleting tovovtav at H471,18-19 (with D,Ar). 

*° Reading Vy for V_ (misprint in Heiberg) at H471,20. 

*°Reading pia at H472,5 for uP (1;54,42). The latter has no ms. authority, but is Heiberg’s 
correction for the PE (45) or 28 (49) of the Greek mss. “41” is the reading of Ger (all other Arabic mss. 
I have seen have ‘49’), and is shown to be correct not only because it is the square root of 3;39,12 
(accurate to two sexagesimal places), but because (below) 1;54,41 x 28;18,26 ~ 54:6,22 (in 
agreement with the text), whereas 1;54,42 x 28:18,26 = 54:6,50. 

47 119;17,45° would be a more accurate result, and corresponds better to the arc 167;34,54° given 
below. But in the absence of any ms. authority I hesitate to change it. ; 


AIT 2. Saturn’s retrogradation at least distance 569 


and, again by subtraction [of 2 ZA© from Z GAO], Z ZAH, which represents 
the apparent motion on the epicycle at the same [unchanging] distance, as 
OF In0?. 
According to the ratio of the speeds at the perigee, to the latter amount 
correspond 2;33,28° in corrected longitude.*® Hence we get for half the total 
retrogradation, 

[6;12,33° - 2;33,28° =] 3;39,5° and 68° 
(the latter is approximately the time taken by the planet to travel, at mean 
speed, 2;16,45°, which is the amount in mean longitude corresponding to the 
above 2;33,28° of corrected longitude). 

[Thus] the total retrogradation is 

7;18,10° and 136°. 


3. {Demonstration of the retrogradations of Jupiter} 
For Jupiter [see Fig. 12.9], according to our calculations for mean distance, 


©Z:GZ = 1 : 10;51,29,°° 
ane EGeAG = (2-529 10;51229 


B 


Fig. 12.9 


38Cf. p. 567 n.31. Computation: 64;31, 10° x 1/28; 18,26 = 2;16,45°. Equation for 180°-2;16,45° is 
0;16,43°. 64;31,10° + 0;16,43° = 64;47,53°. The latter multiplied by 1/28;25,46 gives 2;16,45°, and 
9-16,45° + 0;16,43° = 2;33,28°.  - 

39 Taking the first three places (rounded) of the mean daily motions from IX 4 (cf. p. 564 n.19), 
one gets 0;54,9,3 : 0;4,59,14 = 10;51,28,29 . .. 
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so EG.ZG = 139;37,39.*° 
Furthermore GA:AD = 60 : 11;30 
and GD:GH = 71;30 : 48:30, 
so GD.GH = 3467;45. 
Dividing [3467;45 by 139;37,39] we get 24;50,9, the square root of which, 
4:59,1, we multiply into the above ratio of @Z:GZ, and get, in terms of the 
given sizes of GA and AZ [i.e. 60 and 11;30], 
OZ = 4;59,1° 
and GZ = 54;6,44° in the same units. 
and, by addition, GO = 59;5,45°. 
Hence, expressed in units where hypotenuses AZ and AG [respectively] are 
120%, 
OZ = 52:010" 
and GO = 118;11,30°, 
and the corresponding"! arcs are: 
are LO = ol Zl ale 
and arc GO = 160;4,55°. 
Accordingly we compute Z ZA ~ 25;40,50° 
and Z GAO © 80;2,28°, 
and, by subtraction [of Z GAO from 90°], 2 ZGA, which represents the 
retrogradation due to the planet’s speed, is 9;57,32°, and 2 ZAH, which 
represents the apparent [motion in] anomaly, is [4 GAO - 4 ZA® =] 
54;21,38°. To the latter correspond 5;1,24° in longitudinal motion, according to 
the above ratio [of | : 10;51,29].* Thus half the retrogradation is 
4-56,8° and about 603°, 
and the total retrogradation is 
9;52,16° and 121°. 
The distance at an elongation of about 5° from apogee or perigee is 
[respectively] negligibly smaller than the greatest distance and negligibly larger 
than the least distance. 
According to our calculations for greatest distance, the equation [cor- 
responding to 1°] for correcting [the speeds] is 55 minutes.*? Hence 
@Z:GZ = 0;54,50 : 10:56139 
and EG:GZ = 12:46,19 : 10;56,39, 
and EG.GZ)= 1394042. 


*° Ptolemy has made a computing error: correct is 139;36,48, and this is indeed found in Ger, 
derived no doubt from the kind of marginal correction found in D? (139;36,48,32). That the error is 
Ptolemy’s is shown by the subsequent calculations (at H474,5 Ger reads 24;50,17, again in 
agreement with D? and the above amount, but the square root should be 4;59,2, whereas the whole 
tradition agrees on 4;59,1, which is confirmed by the following computations). 

*' Reading én’ adtats at H474,16 (with all mss.) for Heiberg’s correction én’ abt@v. Although 
the genitive is normal in the Almagest in expressions of the type 1) émi tHg ZO nepigepeiac, the 
dative after Eni is perfectly good Greek, and is explicable here as avoiding the ambiguity of two 
genitive plurals referring to different things. I have restored the mss.’ reading in the similar passages 
H476,9 and H477,18. 

“Tn fact 54;21,38/10;51,29 = 5;0,23°. But the number in the text is confirmed by the following 
computations. 

* Reading é ¢’ (with L,Ger) at H475,14 for €& (5;6). The correction was made by Manitius, who 


notes that, in the table of anomaly, to an argument of 6° corresponds an equation of centre of 0;31° 
hence, to 1°, 0;5,10°. ae 
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Furthermore, GA:AD = 62;45 : 11;30, 
DGrGh=) 74:5) 251215, 
and DG.GH = 3805;18,45. 
Dividing [3805;18,45 by 139;46,42], we get 27;13,26, the square root of which, H476 
9313,4, when multiplied into the above ratio of ©Z:GZ, gives, in terms of the 
given sizes of GA and AZ [i.e. 62;45 and 11;30] 
Z® = 4;46,6°, 
GZ = 57a or 
and, by addition, GO = 61;52,25°. 
oe expressed in units where hypotenuses AZ and AG [respectively] are 
L207; 
Z@r= 49:45,23° 
and GO = 118:19,27", 
and the corresponding arcs are: 
are 20 = 48°59 54° 
arc GO = 160;49,36°. 
Accordingly, Z ZA@ = 24;29,47° 
and Z GAO = 80;24,48°. 
And, by subtraction, Z ZGA, which represents the retrogradation due to the 
planet’s speed, is [90° - Z GAO =] 9;35,12°, and Z ZAH, which represents the 
apparent [motion in] anomaly, is [2 GA® — Z ZA® =] 55;55,1°. To the latter 
correspond 4;40,35° in corrected longitudinal motion,* and 5;6,35° in mean 
[longitudinal] motion, according to the ratio [of speeds] at the apogee. Thus 
half the retrogradation is 
[9;35,12°- 4;40,35°=] 4;54,37° and about 613°, 
and the total retrogradation 
9;49,14° and 123°. 
According to our calculations for least distance, the equation[corresponding H477 
to 1°] for correcting [the speeds] is found to be*53 minutes.*° Hence 
OZ:ZG = 1;5,40 : 10;45,49, 
BG ZG 1257-9 m4 AD, 
and EG. ZG = 159;24,50. 
Furthermore, GA:AD = 57;15 : 11;30, 
DG GH = 68:45 : 45345, 
and DG.GH = 3145;18,45. 
Dividing {the latter by 139;24,56], we get 22;33,39, the square root of which, 
4:45, multiplied into the above ratio of OZ:GZ, gives, in terms of the above sizes 
of GA and AZ [i.e. 57;15 and 11,30], 
OF = 5.155 ; 
BiG = Diese: 
and, by addition, GO = 56;19,33°. 


44 More accurate would be 57;6,15, which is the reading of D and is given as an alternative in 
ABC. But the text is guaranteed by the following computations. 

*5 Cf. p. 567 n.31. Computation: 55;55, 1° x 1/10;56,39 = 5;6,33°, to which corresponds an equation 
of 0:26,24° = 26’. 55:55,1° — 0;26° = 55;29,1°. This multiplied by 1/10;51,29 = 5;6,35° [so text; 
accurately 5;6,36]. 5;6,35° — 0;26° = 4,40;35°. 

*6 In the table of anomaly, to an argument of [180° - 3° =] 177° corresponds an equation of 0;17°, 
hence to 1° near perigee corresponds 5f 


H48] 
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@Z:ZG = 0;49,40 : 1;3,11, 
EG:GZ = 2;42,31 : 1;3,11, 
and EG.GZ=2.51,6, 
Furthermore, GA:AH = 65;40 : 39;30, 
DG:GH = 105;10 2 26:10, 
and DG.GH = 275) 58.40) 
And, when we divide [2751;51.40 by 2;51,8], we get 964;48,47, the square root 
of which, 31;3,41, multiplied into the above ratio of OZ:ZG, gives, in terms of 
the above sizes of GA and AZ [i.e. 65;40 and 39;30], 
OZ = 25;47240 , 
GZ= 32425547, 
and, by addition, GO = 58;25,17°. 
Hence, expressed in units where hypotenuses AZ and AG areeach[respectively] 
120", 
Z0= 18:6.44" 
and G® = 106;45,36°. 
The corresponding arcs are 
arc Z® = 81;13,8°°2 
and arc GO = 125;39,46°. 
Accordingly Z ZA® = 40;36,34° 
and £ GA@ = 62;49,53°. 
And, by subtraction, Z ZGA, which represents the retrogradation due to the 
planet’s speed, is [90° - Z GAO =] 27;10,7°, while Z ZAH, which represents 
the [motion in] apparent anomaly, is [2 GA@ - Z ZA® =] 22;13,19°. To the 
latter correspond | motions in] corrected longitude of 17;13,21°, and in mean 
[longitude] of 20;58,21°,°° according to the ratios [of the speeds] at the apogee. 
Thus half the retrogradation ts 

[27;10,7° - 17;13,21° =] 9;56,46° and about 40°, 

and the total retrogradation is 
19:53,32° and 80°. 

According to our calculations for near least distance, the equation [cor- 
responding to an argument of 1°] for correcting [the speeds] is found to be 
123’.54 Hence 

©Z:ZG = 1;12,40 ;: 0;40,11, 
EG:GZ = 370,31 001 I, 
and EG.GZ =2:.414 
Furthermore, GA:AH = 54;20 : 39:30, 
DG:GH = 93:50 14-50, 
and DG.GH = 1391:51,40. 
Dividing [1391;51,40 by 2;4,14], we get 672;13, the square root of which, 


*? Correct would be 81;13,28°, and this is the reading of BCL,Ger. However, all mss. agree in the 
reading for the half of this, 40;36,34°, which would seem to confirm Heiberg’s reading here. It is 
possible, however, that Ptolemy made an error in halving, and that the reading °8’ in AD is due to 
scribal correction. 

° Ptolemy gives the computation for this at XII 6 p. 582. 

"In the anomaly table for Mars (XI 11), to an argument of 162° corresponds an equation of 
3;55°, and to 159°, 4;33°. Therefore to 1°, at about 20° from perigee. corresponds (4;33 ~ 3;55)/3 = 
2x 


XII 4. Mars’ retrogradation at least distance 5yo 


25;55,38, multiplied into the above ratio of OZ:ZG, gives, in terms of the above 
sizes of GA and AZ [i.e. 54:20 and 39;30], 
OZ =31224° 3", 
GZ = 17;21,51° in the same units, 
and, by addition, GO = 48;45,54?. 
Hence, where the hypotenuses AZ and AG are each [respectively] 120°, 
ZO = 95.754 
andi) = 107.42 7" 
The corresponding arcs are 
arc Z@ = 105;18,10° 
and arc GO = 127;40,22°.% 
Accordingly Z ZA@ = 52;39,5° 
and 2 GAO'= 63;50,11°, 
And, by subtraction, Z ZGA, which represents the [amount of] retrogradation 
due to the planet’s speed, is [90° - Z GAO =] 26;9,49°, while Z ZAH, which 
represents the [motion in] apparent anomaly, is [ Z GA® - Z ZA® =] 11;11,6°. 
To the latter correspond [motions in] corrected longitude of 20;33,42°, and in 
mean longitude of 16;52,52°, according to the ratios [of the speeds] at the 
perigee.*° So half the retrogradation comes out as 
[26;9,49° - 20;33,42° =] 5;36,7° and about 324°, 
and the total retrogradation is 
11;12,14° and 643°. 


5. {Demonstration of the retrogradations of Venus} 


Again, in the case of the planet Venus [see Fig. 12.11], according to our 
calculations for mean distance, 
O76 = 17,0;57 31,7) 
eG 2. = 2:37.01): 0:37.31, 
and EG.GZ = 1;38,30. 
Furthermore, GA: AH = 60 : 43;10, 
DG-CH = 103510.216;50, 
and DG.GH = 1736;38,20. 
Dividing [1736;38,20 by 1;38,30], we get 1057;51,°8 the square root of which, 


55 Accurately, 127;40,3°. 

5°Cf, p. 567 n.31. Computation: 11;11,6° x 1/0;40,11 = 16;42,3°, to which corresponds an 
equation of 3;40,50° [accurately 3;38,59°: it appears as if Ptolemy took the equation of (180° - 
16;51°)}. 11;11,6° + 3;40,50° = 14;51,56°, which multiplied by 1/0;52,51 gives 16;52,52° [accurately 
NG: 522562) 16;52,022 5 5:40 502 = 20:35:422 

57 However one computes, 0;37,32 would be more accurate. From the relationship (IX 3 p. 424) 5 
revolutions in anomaly correspond to 8 revolutions in longitude less 22°, one finds 0;37,31,45. . ., 
and the same from the mean daily moticn carried to three places. Even taking only two places 
(0;36,59/0; 59,8), one gets 0;37,31,31 . . . 

58 Reading Va (with C’) for VE (1057;50,6) at H483,22. The latter is Heiberg’s emendation for the 
reading of most mss., Vé (1057;56), which I take to be a scribal corruption of Va. Correct to two 
fractional places is 1057;51,4, and that Ptolemy did not make a computing error is indicated by the 
amount given for the square root. The reading of D,Ar (1057;50,56) is also consistent with the 
square root, but seems to be a conjectural (and baseless) correction of the corruption 1057,56. 
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©OZ:ZG = 0;49,40 : 1;3,11, 
EG: GZie 2:42 3 ay 
and EG.GZ = 2;51,8. 
Furthermore, GA:AH = 65;40 : 39;30, 
DG:GH = 1052407. 26;10, 
and DG.GH = 2751:51,40. 
And, when we divide [2751;51,40 by 2;51,8], we get 964;48,47, the square root 
of which, 31;3,41, multiplied into the above ratio of OZ:ZG, gives, in terms of 
the above sizes of GA and AZ [i.e. 65;40 and 39;30], 
OZ = 25;42,43", 
GZ = 3242, 
and, by addition, GO = 58;25,17°. 
Hence, expressed in units where hypotenuses AZ and AG areeach[respectively ] 
P20 
Z© = 78;6,44° 
and GO = 106;45,36°. 
The corresponding arcs are 
arc Z® = 81;13,8°°? 
and arc GO = 125;39,46°. 
Accordingly Z ZA® = 40;36,34° 
and Z GA® = 62;49,53°. 
And, by subtraction, Z ZGA, which represents the retrogradation due to the 
planet’s speed, is [90° - Z GAO =] 27;10,7°, while Z ZAH, which represents 
the [motion in] apparent anomaly, is [2 GAO - Z ZA® =] 22;13,19°. To the 
latter correspond | motions in] corrected longitude of 17;13,21°, and in mean 
[longitude] of 20;58,21°,°* according to the ratios [of the speeds] at the apogee. 
Thus half the retrogradation is 

[27;10,7° -— 17;13,21° =] 9;56,46° and about 40°, 

and the total retrogradation is 
19;53,32° and 80°. 

According to our calculations for near least distance, the equation [cor- 
responding to an argument of 1°] for correcting [the speeds] is found to be 
123’.°4 Hence 

OZ: 7G= 131240: 03: 
EG:GZ = 3:53) 0-405. 
and EG.GZ = 2:4,14. 
Furthermore, GA:AH = 54;20 : 39:30, 
DG: GH = 93:50 14:50: 
and DG.GH = 1391;51,40. 
Dividing [1391;51,40 by 2;4,14], we get 672;13, the square root of which, 


52 Correct would be 81;13,28°, and this is the reading of BCL,Ger. However, all mss. agree in the 
reading for the half of this, 40;36,34°, which would seem to confirm Heiberg’s reading here. It is 
possible, however, that Ptolemy made an error in halving, and that the reading *8’ in AD is due to 
scribal correction. 

°° Ptolemy gives the computation for this at XII 6 p. 582. 

In the anomaly table for Mars (XT 11), to an argument of 162° corresponds an equation of 
3;55°, and to 159°, 4;33°. Therefore to 1°, at about 20° from perigee, corresponds (4;33 — 3;55)/3 = 
Waa 


XII 4. Mars’ retrogradation at least distance Sys, 


25;55,38, multiplied into the above ratio of OZ:ZG, gives, in terms of the above 
sizes of GA and AZ [i.e. 54:20 and 39;30], 
OZ set,o, 
GZ = 17;21,51" in the same units, 
and, by addition, GO = 48;45,54?. 
Hence, where the hypotenuses AZ and AG are each [respectively] 120°, 
Z@ = 95;23,42° 
and GO = 107;42,7°. 
The corresponding arcs are 
are Z@) = 105;18:10° 
and are GO = 127:40(22°.° 
Accordingly Z ZA@ = 52;39,5° 
and Z GA® = 63;50,11°. 
And, by subtraction, Z ZGA, which represents the [amount of] retrogradation 
due to the planet’s speed, is [90° — 2 GA® =] 26;9,49°, while Z ZAH, which 
represents the [motion in] apparent anomaly, is [ Z GA® - Z ZA@ =] 11;11,6°. 
To the latter correspond [motions in] corrected longitude of 20;33,42°, and in 
mean longitude of 16;52,52°, according to the ratios [of the speeds] at the 
perigee.*° So half the retrogradation comes out as 
[26;9,49° — 20;33,42° =] 5;36,7° and about 323°, 
and the total retrogradation is 
11;12,14° and 643°. 


5. {Demonstration of the retrogradations of Venus} 


Again, in the case of the planet Venus [see Fig. 12.11], according to our 
calculations for mean distance, 
@Z:ZG = 1 : 0;37,31,°’ 
BG GZ = 275701 : 0:37.51, 
and EG.GZ = 1:38,30. 
Furthermore, GA:AH = 60 : 43;10, 
DG:GH = 10ga0 : 16,50, 
and DG.GH = 1736;38,20. 
Dividing [1736;38,20 by 1;38,30], we get 1057;51,°° the square root of which, 


55 Accurately, 127;40,3°. 

56Cf. p. 567 n.31. Computation: 11;11,6° x 1/0;40,11 = 16;42,3°, to which corresponds an 
equation of 3;40,50° [accurately 3;38,59°: it appears as if Ptolemy took the equation of (180° - 
16;51°)]. 115;11,6° + 3;40,50° = 14;51,56°, which multiplied by 1/0;52,51 gives 16;52,52° [accurately 
N6:525 260 Gp 2152> tes 40t00e = 20;S0y4e, 

57 However one computes, 0;37,32 would be more accurate. From the relationship (IX 3 p. 424) 5 
revolutions in anomaly correspond to 8 revolutions in longitude less 24°, one finds 0;37,31,45. . ., 
and the same from the mean daily motion carried to three places. Even taking only two places 
(0;36,59/0; 59,8), one gets 0;37,31,31 ... 

58 Reading Va (with C’) for Vg (1057;50,6) at H483,22. The latter is Heiberg’s emendation for the 
reading of most mss., V6 (1057;56), which I take to be a scribal corruption of va. Correct to two 
fractional places is 1057;51,4, and that Ptolemy did not make a computing error is indicated by the 
amount given for the square root. The reading of D,Ar (1057;50,56) is also consistent with the 
square root, but seems to be a conjectural (and baseless) correction of the corruption 1057,56. 
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B 


Fig. 12.1] 


32;31,29, multiplied into the above ratio of OZ:ZG, gives, in terms of the above 
sizes of GA and AZ [i.e. 60 and 43;10], 
OZ = 32:58 , 
GZ = 20;20,11° in the same units, 
and, by addition, GO = 52;51,40°. 
Hence, where hypotenuses AZ and AG are each [respectively] 120°, 
LQ) = 90:24 58" 
and GO = 105;43,20?. 
The [corresponding] arcs are: 
arc Z@® = 97;47,0° 
and arc GO = 123;31,49°. 
Accordingly Z ZA@ = 48;53,30° 
and Z GAO & 61;45,54°. 
And, by subtraction, Z ZGA, which represents the [amount of] retrogradation 
due to the planet’s speed, is [90° - Z GA® =] 28;14,6°, while Z ZAH, which 
represents the [motion in mean] anomaly, is [2 GA® - Z ZA@ =] 12;52,24°. 
To the latter corresponds a motion in [mean] longitude of 20;35,19°,°° 
according to the above mean ratio [of the speeds], and half the retrogradation is 
computed to be 
[28;14,6° - 20;35,19° =] 7;38,47° and about 208°. 
The total retrogradation is 
15;17,34° and 413°, 


°912;52,24/0;37,31 is, accurately, 20;35,17. 


XII 5. Venus’ retrogradation at greatest distance ues 


[Hence] the distance at the elongation of the stations from apogee and 
perigee is [respectively] about 0;5° of the mean distance [i.e. 60°] less than the 
greatest distance, and about the same amount greater than the least distance. 

According to our calculations for near greatest distance, the equation H485 
[corresponding to 1°] for correcting [the speeds] is found to be 23’.°' Hence 

OZ:ZG = 0;57,40 : 0;39,51, 
EG:GZ = 235, = 05951. 
and EG.GZ = 1;43,4. 
Furthermore GA:AH = 61;10 : 43;10, 
DG:HG = 103;20% 18:0; 
and DG.HG = 1878;0. 
Dividing [1878 by 1;43,4], we get 1093;16,23, the square root of which, 33;3,53, 
multiplied into the above ratio of OZ:ZG, gives, in terms of the above sizes of 
GA and AZ [i.e. 61;10 and 43;10], 
OZ = 31;46,44°, 
GZ = 21;57,38° in the same units, 
and, by addition, GO = 53;44,22°. 
Hence, where hypotenuses AZ and AG are each [respectively] 120°, 
Z® = 88;20,34° 
and GO = 105;25,44?. 
The [corresponding] arcs are: 
Pie 194 54 | 
and arc GO = 122;56,27°. 
Accordingly Z ZA@ = 47;24,27° H486 
angie AG) =161;28 14°. 
And, by subtraction, Z ZGA, which represents the [amount of] retrogradation 
due to the planet’s speed, is [90° - Z GAO =] 28;31,46°, while Z ZAH, which 
represents the [motion in] apparent anomaly, is [Z GAO - Z ZA@ =] 14;3,47°. 
To the latter correspond [motions of] 20;19,3° in corrected longitude and 
21;9,3° in mean longitude, according to the ratios [of the speeds] at apogee.” 
Thus half of the retrogradation comes to 
[28;31,46° - 20;19,3° =] 8;12,43° and about 215° 
The total retrogradation is 
16;25,26° and 43°. 

According to our calculations for near least distance, the equation [cor- 
responding to an argument of 1°] for correcting [the speeds] is found to be the 
same amount, 23’. Hence 


6 For a true centrum (k) of 20;35,19 the distance of the centre of the epicycle is 61;10,6° 
(~ 61;15° ~ 5), and for « = 180° - 20;35,19° the distance is 58;49,41° ~ 58;45° + 5’. 

5! The isicrement between successive values of the equation in the anomaly table for Venus (XI 
11) is 14’ for 6° of argument near the apogee, hence 23’ for 1°. However, one should take the 
increment between 18° and 24°, which is 15’, leading to 23’ for 1°. 

® Cf. p. 567 n.31. Computation: 14;3,47° x 1/0;39,51 ~ 21° [accurately 21;10,26°], to which 
corresponds an equation of 0;50° [accurately 0;50,30°]. 14;3,47° — 0;50° = 13;13,47° = 1351339. 
13;133° x 1/0;37,31 = 21;9,3°, and 21;9,3° — 0;50° = 20;19,3°. 

63 This corresponds to an increment of 7’ for an increment of 3° in the argument. In the anomaly 
table for Venus (XI 11), near perigee, the increment is 7’ between 165° and 162° and between 159° 
and 156°, but between 162° and 159°, which is the proper interval (k ~ 20°), it is only 6’. 
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ZOPAG = i220 esl, 
EGiIGZ = 2:59:51 70:59, 11, 
and BGiGZ = 133.44. 
Furthermore GA:AD = 58;50 : 43;10, 
DG:GH = 102;0 : 15;40, 
and DG.GH = 1598;0. 
Dividing [1598 by 1;33,44], we get 1022;54,7, the square root of which, 
31;58;58, multiplied into the above ratio of OZ:ZG, gives, in terms of the above 
sizes of GA and AZ [i.e. 58;50 and 43;10], 
OZ = 33113220, 
GZ = 18;45,16° in the same units, 
and, by addition, GO = 51;58,52?. 
Hence, where hypotenuses AZ and AG are each [respectively] 120°, 
LO = 92 223. 
and GO = 106;1,23°.% 
The [corresponding] arcs are: 
arc ZO = 100;39,34° 
and arc G@ = 124;8,22°. 
Accordingly Z ZA@ = 50;19,47° 
and Z GA@ = 62;4,11°. 
And, by subtraction, Z ZGA, which represents the [amount of] retrogradation 
due to the planet’s speed, is [90° - Z GAO =] 27;55,49°, while Z ZAH, which 
represents the [motion in] apparent anomaly, is [2 GAO - Z ZA® =] 
11;44,24°. To the latter correspond [motions of] 20;53,30° in corrected 
longitude, and 20;4,30° in mean longitude, according to the ratios [of the 
speeds] at perigee.® Accordingly half of the retrogradation comes to 
[27;55,49° — 20;53,30° =] 7;2,19° and about 203%. 
The total retrogradation is 
14;4,38° and 403°, 


6. {Demonstration of the retrogradations of Mercury} 


Again, in the case of Mercury [see Fig. 12.12], according to our calculations for 
mean distance, 
©OZ:ZG = 1 : 3;9,8,% 
EG:GZ = 5:9,.8 23:98, 
and EG.GZ = 16;14,27. 
Furthermore, GA:AH = 60 : 223, 
DG: GH = 82:3077737-50. 
and DG.GH = 3093;45. 


** Calculation gives 106;1,26°, and perhaps one should correct to that, which is the reading of Is. 
However, an arc of 124;8,22° agrees better with a chord of 106;1,23°. 

Ole jay, BS mel. Computation: 11;44,24° x 1/0;35,11 = 20;1,15° = 20°. To (180° - 20°) 
corresponds an equation of 0;49°. 11;44,24° + 0;49° = 12;33,24° = 12;33°. 12;33° x 1/0;37,31 
= 20;4}° [accurately 20;4,16°]. 20;43° + 0;49° = 20;53,30°. 
°° From the mean daily motions taken to 2 sexagesimal places (IX 4), 3;6,24/0;59,8 = 3:9,7,54 = 
3:9.8. ea 
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B 


Fig. 12.12 


Dividing [3093;45 by 16;14,27], we get 190;29,31, the square root of which, 
13;48,7, multiplied into the above ratio of lines OZ:ZG, gives, in terms of the 
above sizes of GA and AZ [i.e. 60 and 22:30], 
OZ = 13;48,7", 
ZG = 43;30,24?, 
and, by addition, GO = 57;18,31”. 
Hence, where hypotenuses AZ and AG are each [respectively] 120°, 
ZO: = 73;56,37', H489 
and GO = 114;37,2°. 
The corresponding arcs are: 
arc Z@ = 75;40,28° 
and arc GO = 145;32,52°. 
Accordingly Z ZA@ = 37;50,14° 
and 7 @AG = 72:46,26°. 
And, by subtraction, Z ZGA, which represents the [amount of] retrogradation 
due to the planet’s speed, is [90° - Z OAG =] 17;13,34°, while Z ZAH, which 
represents the [motion in mean] anomaly, is (Z OAG - Z ZAO =] 34,56, 12°. 
To the latter corresponds a motion in [mean] longitude of 11;4,59°, according 
to the above ratio [of the speeds],°’ and half the retrogradation is found by 
subtraction as ‘ 
[17;13,34° - 11;4,59° =] 6;8,35° and about 114°. 
The total retrogradation is computed as 
12;17,10° and 223°. 


67 34-56,12/3:9,8 is indeed 11;4,59 (accurate to two places). 
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580 XII 6. Mercury’s retrogradation at greatest distance 


According to our calculations for near greatest distance, i.e. when the 
corrected longitude is about 11° from apogee (corresponding to a mean 
longitude of about 113°), the equation for correcting [the speeds] corresponding 
to 1° [of anomaly] is about 2:’.° Hence 

OZ:ZG = 0;57,40 : 3;11,28, 
EG:GZ = 5:6,48 = 3311.28, 
and EG.GZ =16;19:2, 
Furthermore, GA: AH = 68;36 : 22;30,°° 
DG:GH = 91;6 : 46;6, 
and DG.GH = 4199;42 36. 
Dividing [4199;42,36 by 16;19,2], we get 257;22,44, the square root of which, 
16;2,35, multiplied into the above ratio of OZ:ZG, gives, in terms of the above 
sizes of GA and AZ [1.e. 68;36 and 22;30], 
OZ = 15:25.9° 
ZG = 51;11,43" in the same units, 
and, by addition, GO = 66;36,52°. 
Hence, where hypotenuses ZA and AG are each [respectively] 120°, 
ZO = 8251450" 
and GO = 116;31,36°. 
The corresponding arcs are: 
are Z©) = 86:3154° 
and arc OG = 152;27,56°.”° 
Accordingly Z ZA@ = 43;15,32° 
and Z @AG = 76;13,58°. 
And, by subtraction, Z ZGA, which represents the [amount of] retrogradation 
due to the planet’s speed, is [90° - Z OAG =] 13;46,2°, while Z ZAH, which 
represents the [motion in] apparent anomaly, is [Z @AG - Z ZAO =] 
32;52;26°.’1 To the latter correspond [motions of] 9;48,51° in corrected 
longitude and 10;16,51° in mean [longitude], according to the ratios [of the 
speeds] at the apogee. ’? Thus half the retrogradation is found by subtraction as 
[13;46,2° - 9;48,51° =] 3;57,11° and about 103°. 
The total retrogradation is 
Toee2e andl. 


According to our calculations for near least distance (which occurs near the 


68 In the table of anomaly for Mercury (XI 11), to an argument of 6° corresponds an equation of 
17’, and to 12°, 32’. Thus to an increment of 6° corresponds an increment of 15’, or, to 1°, 23’. [have 
no explanation for the discrepancy. 

°° The distance at apogee is 69°; hence Ptolemy assumes that the distance at the given situation is 
24’ less. For K = 114°, the distance (p) is in fact 68;37°. It is about 68;36° for K = 11:40°. 

™ Ptolemy has committed a considerable computing error here: the arc of the chord 116;31,36° 
should be about 152;22°. 

” As noted by Heiberg and Manitius, 76;13,58 - 43;15,32 in fact equals 32;58,26. But Ptolemy’s 
erroneous number is confirmed by the following calculations and by H500,23. It is worth noting that 
had Ptolemy used the correct arc of the chord 116;31,36° (cf. n.70), he would have found Z @ AG~ 
76;11° and Z ZAH =~ 32;55°, which is closer to the text, but still not in perfect agreement. 

"Cf. p. 567 n.31. Computation: 32;52,26° x 1/3;11,28 ~ 10;18°, to which corresponds an 
equation of 0;28° [accurately 0;27,45°]. 32;52,26° — 0;28° = 32;:24,26°, which divided by 3;9,8 gives 
10;16,51°. 10;16,51° — 0;28° = 9;48,51°. 
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elongations of 120° in mean motion from the apogee), the equation for correct- 
ing [the speeds], derived from entering [the table] at around 11° either side of 
the perigees is approximately 13’.”> Hence 
O4:Z6 = 151,30 : 3:78, 
EG8GZ ="5;10338 : 3:7:38, 
and EG.GZ = 16;11,25. 
Furthermore, GA: AH © 55;42 : 22:30,74 
NG: GH = 7842 : 33;12, H492 
and DG.GH = 2596;14,24. 
Dividing [2596;14,24 by 16;11,25], we get 160;21,29, the square root of which, 
12;39,48, multiplied into each member of the above ratio of OZ:ZG, gives, in 
terms of the above sizes of GA and AZ [i.e. 55;42 and 22:30], 
OZ = 12;58,47° 
ZG = 39;36,4° in the same units, 
and, by addition, GO = 52;34,51?. 
Hence, where hypotenuses AZ and AG are each [respectively] 120, 
OZ, =369-15, 31" 
and OG = 113;16,48?. 
The corresponding arcs are: 
arc OZ = 70;27,44° 
and arc OG = 141;28,14°. 
Accordingly Z O@AZ = 35;13,52° 
and Z @AG = 70;44,7°. 
And, by subtraction, Z ZGA, which represents the [amount of] retrogradation 
due to the planet’s speed, is [90° - Z OAG =] 19;15,53°, while Z ZAH, which 
represents the [motion in] apparent anomaly, is [Z @AG - ZOAZ =] 
35;30,15°. To the latter correspond [motions of] 11;39,30° in corrected 
longitude, and 11;21,30° in mean [longitude], according to the above ratios [of 
the speeds near the perigee].’” Thus half of the retrogradation is found by 
subtraction as 
[19;15,53° ~ 11;39,30° =] 7;36,23° and about 113°. 11493 
The total retrogradation is 
15;12,46° and 23°. 
The amounts [of the retrogradations] we have demonstrated agree very 
closely with those derived from the actual phenomena associated with each 
planet. 


73 From the table of anomaly for Mercury (XI11) it can be seen that 1 }’ is acompromise between 
the two values derived on either side of the perigee: tok = 108° corresponds an equation of 2;56°, and 
tok = 111°, 2:53°. Here, then, an increment of 1° produces 1’. For = 129° and 132° one finds 2;24° 
and 2;18° respectively, and hence, for an increment of 1°, 2’. . 

4 Cf. p. 580 n.69. Here, fora distance of 113°in mean motion from ‘perigee’ (at K = 120°), one 
finds, for K = 1313°, p = 55;41,58° (text 55;42°). On the other side of the perigee, however, for 
* = 108°, p = 55;45,50°. 

3Cf. p. 567 n.31. Computation: 35;30,15° x 1/3;7,38 = 11;21,11°, to which corresponds an 
equation of 187 [in fact 11;21,11° before the perigee leads to an equation of +15’, and 11;21,1 1° after it 
to -23’, ie. 18’ is, again, acompromise]. 35;30,15° + 0;18° = 35;48,15°, which divided by 3;9,8 gives 
PEZIESO>  MEZIES 02 081182 = 13980". 
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We used the following method to find the motions in longitude at greatest 
and least distances.”° 

For example, in the case of Mars [XII 4 p. 574], we showed that, near the 
greatest distance,’’ the apparent arc of the epicycle from either of the stations to 
opposition (i.e. the arc as viewed from the centre of the ecliptic) is 22;13,19°. To 
the latter corresponds (according to the ratio 1 : 1;3,11) a motion in mean 
longitude of about 21;10°.”* But the latter does not represent [the actual mean 


motion] accurately, since the ratios of the speeds which we set out for the 


Fig. R 


stations do not remain unchanged throughout the whole period of retro- 
gradation. However, it is close enough to the truth so that the equation cor- 
responding to it (which is about 3;45°)”* is not significantly different [ from the 
true equation]. So we subtracted that [3;45°] from the 22;13,19° of the epicycle 
(since at greatest distance the apparent motion on the epicycle is greater than 
the mean motion), and [thus] found that the corresponding mean motion in 
anomaly from either of the stations to opposition is 18;28,19°. To this, according 
to the ratio of the mean motions [0;52,51 : 1] corresponds a motion in mean 
longitude of 20;58,21°.°° So we adopted that as the accurate value instead of the 


’ There is no need to assume, with Neugebauer (note in Manitius, revised edition, p. 301) that 
the following passage has been displaced in antiquity from its rightful place in XII 4. For the 
method applies to all planets, not just Mars. It is quite in Ptolemy’s manner to attach an 
explanation or justification of a particular method as an appendix at the end of his general treatment. 
Cf. V 19 pp. 267-73 and VI 4 p. 282. 

" See Fig. R. The planet is at opposition (P) when the epicycle is at apogee, and at second station 
(S) when the epicycle is at a mean centrumX from apogee. Then ‘the apparent arc of (motion on) 
the epicycle’ is XS, and ‘the mean motion on the epicycle’ (which differs from it by the equation c) is 


78 Accurately 21;6,8°. 
79 Accurately 3;46,15°. 
®0 Accurately 20;58,15°. 
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[previous] 21;10°, and subtracted from it the 3;45° of the equation (which 
remains very nearly unchanged for this position). [We subtracted] because at 
greatest distance the apparent motion in longitude is less than the mean. Thus 
we found the apparent motion in longitude as 17;13,21°, the interval set out 
above. 


7. {Construction of a table for the stations\®! 


Furthermore, to enable us to investigate conveniently at what point on the 
epicycle each planet is when it produces the appearance of being stationary, for 
distances in the interval between mean distance and greatest or least distance as 
well, we have constructed® for this purpose a table with 3} lines and 12 
columns. The first two of these columns will contain the numbers of the mean 
longitude at intervals of 6° (corresponding to the arrangement of the other 
tables). The following 10 columns will contain the distances in corrected 
anomaly from the apparent apogee of the epicycle for each of the 5 planets: in 
each case the first column [of the pair for that planet] will contain the amount 
for first station, and the second column the amount for second station. We 
obtained the amounts for these [entries] too from the [numbers] demonstrated 
above for mean, least and greatest distances, and from the increments at 
distances in between these, which we happen to have determined already in 
[our computations of] the minutes to be tabulated in the eighth column of the 
tables for anomaly.®’ For in demonstrating the amount of the maximum 
equation of anomaly corresponding to each entry in mean motion, one 
simultaneously demonstrates the distance of the epicycle, which is the principal 
factor affecting the difference in [the position of] the stations. 

But first, since the retrogradations which we demonstrated for near apogee 
and perigee represent, not the stations which occur when the centre of the 
epicycle is precisely at apogee and perigee, but those when it is a certain 
specified distance [from them], we used the latter to determine, for each planet, 
the amount corresponding to the actual apogee and perigee, as follows. 

In the case of Saturn and Jupiter, since the distances of the epicycle at actual 
apogee and perigee do not differ significantly from those at the elongations from 
apogee and perigee used above, we entered the amounts of anomaly (counted 
from apparent apogee of the epicycle) derived for those elongations on the 
appropriate lines, i.e. we entered the amount for apogee on the line with the 
argument ‘360’, and the amount for perigee on the line with the argument 
‘180°. We showed that for Saturn [XII 2, pp. 567-9] the distance [in anomaly] 
from the perigee of the epicycle at apogee of the eccentre is about 67;15°, and at 
perigee of the eccentre about 64;31°; and that for Jupiter [XH 3, pp. 571-2] it 
is 55;55° at apogee and 52;49° at perigee. For convenience in use, we entered the 


81 See HAMA 202-06, Pedersen 349-51. 

® Reading pedwdetoapev (with D,Ar) at H494,20 for peBodevopev (‘we construct’). 

®8Cf, XI 10 p. 547. It was necessary for Ptolemy to compute the distances of the centre of the 
epicycle all round the orbit in order to calculate the ‘minutes of interpolation’ in the planetary 


anomaly tables. 


H495 


H496 


H497 


H498 


H499 
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amounts [in anomaly] corresponding to these, counted from the apogee of the 
epicycle, on the appropriate lines in the 4 c: lumns following the [argument 
columns of] longitude: on the line with the argument ‘360 (for the apogee) [we 
entered], in the third column, ‘112;45° for the first station of Saturn, and, in the 
fourth column, ‘247;15° for its second station; similarly, in the fifth column, 
‘124;5° for Jupiter’s first station, and, in the sixth column, ‘235;55°° for its 
second station. And on the line with the argument ‘180’ (for the perigee) [we 
entered], following the same order, ‘115;29° and ‘244;31°, and similarly 
ploy land. 22.40 

In the case of Mars, we showed [XII 4, pp. 573-4] that when the epicycle 
centre is 20;58° in mean [longitude] from the apogee of the eccentre, the planet 
performs its stations at a distance of 22;13° [in anomaly] from the apparent 
perigee of the epicycle; and the [corresponding] amount [of anomaly] at mean 
distance is 16;51°, so that the difference is 5;22°. Furthermore, where the mean 
distance is 60°, the greatest distance is 66° and the difference between greatest 
and mean is 6°, while at the above distance from the apogee [of 20;58°] the 
distance is 65;40°** and the difference between this and the mean is 5;40°. So, 
multiplying 6 into 5;22 and dividing the result by 5;40, we find that the 
difference with respect to the mean distance at the actual apogee is about 5;41°. 
Thus we calculate the distance [in anomaly] from the apparent perigee of the 


_epicycle as [16;51° + 5;41° =] 22;32°, and from the apogee as, for the first 


station, 157;28°, which we enter in the seventh column on the line with ‘360’, 
and, for the second station, 202;32°, which we enter in the eighth column on the 
same line. 

Similarly [see p. 575], when the epicycle centre is 1€;53° in mean [longitude] 
from the perigee {of the eccentre], [Mars] performs its stations at a distance of 
11;11° [in anomaly] from the apparent perigee of the epicycle, so that the 
difference [in anomaly] from that for mean distance is [16;51° — 11;11° =] 
5;40°. And, in the same units [as before], the least distance is 54° (with a 
difference from the mean of 6”), and at the above elongation from the perigee of 
the eccentre it is 54;20°, with a difference from the mean of 5;40°. Thus at the 
actual perigee we get the total difference [in anomaly from the mean] as 
[5;40° x 6 = 5;40 =] 6°. Hence the amount [of anomaly] from apparent perigee 
of the epicycle is [16;51° - 6° =] 10;51°, and from the apogee, for the first 
station, 169;9°, and for the second 190;51°, which we enter in the appropriate 
columns on the line with ‘180’. 

In the case of Venus, we showed [XII 5, pp. 576-7] that when it is 21;9° in 
mean longitude from the apogee [of the eccentre], the planet performs its 
stations at a distance of 14;4° [in anomaly] from the apparent perigee of the 
epicycle, while the [corresponding] amount at mean distance is 12;52°, so that 
the difference is 1;12°. And, where the mean distance is 60°, the greatest 
distance is 61;15°, and the difference from the mean 1;15°, while at the above 
elongation from the apogee the distance is 61;10° and the difference from the 
mean 1;10°. So, again, multiplying 1;15 into 1;12 and dividing the result by 


Cf. p. 573 with n.50. One should probably read &26 tod dmoyeiov (with D) at H497,21 (cf. 
H499,11) Corrected by Manitius. 
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1;10, we find the difference [in anomaly] at the actual apogee with respect to 
that for the mean distance as 1;17°. Thus we calculate the distance [in anomaly] 
from the apparent perigee of the epicycle as [}2;52° + 1;17° =] 14;9°, and from 
the apogee as, for the first station, 165;51°, which we enter in the ninth column 
on the line with ‘360’, and, for the second station, 194;9°, which we enter in the 
tenth column on the same line. 

Similarly [see p. 578], when the epicycle is about 20° in mean longitude from 
perigee of the eccentre, [ Venus] performs its stations at a distance [in anomaly] 
of 11;44° from the apparent perigee of the epicycle, so that the difference with 
respect to [that for] mean distance is [12;52° - 11;44° =] 1;8°. And the least 
distance is 58;45° where the mean is 60°, and their difference is 1;15°, while the 
distance at the above elongation from the perigee is 58;50° in the same units, 
and the difference from the mean 1;10°. So, multiplying 1;15 into 1;8 and 
dividing the result by 1;10, we find the difference [in anomaly} at the actual 
perigee with respect to the mean distance as 1;13°. Hence the amount of 
anomaly from the apparent perigee of the epicycle is[12;52° - 1;13° =] 11;39°, 
and from the apogee, for the first station, 168;21°, and, for the second station, 
191;39°, which we enter in the same columns [i.e. the ninth and tenth 
respectively] opposite the number® ‘180’. 

In the case of the planet Mercury, we showed [XII 6, pp. 579-80] that when 
the epicycle is 10;]7° in mean longitude from the apogee of the eccentre, the 
planet performs its stations at a distance [in anomaly] from the apparent 
perigee of the epicycle of 32;52°, while the {corresponding} amount at mean 
distance is 34;56°, so that the difference is 2;4°. Furthermore, where the mean 
distance is 60", the greatest distance is 69° and the difference between them 9°, 
while at the above elongation from the apogee the distance is 68;36°,°° and the 
difference from the mean 8;36°. By the same procedure as before, multiplying 9 
into 2;4 and dividing the result by 8;36, we find the difference [in anomaly] at 
the actual apogee with respect to that for the mean distance as about 2;10°. 
Thus we calculate the distance [in anomaly] from apparent perigee of the 
epicycle as [34;56° — 2;10° =] 32;46°, and from the apogee as, for the first 
station, 147;14°, which we enter in the eleventh column opposite the number 
‘360’, and for the second station 212;46°, which we enter in the twelfth column 
on the same line. 

Similarly [see p. 581], when the epicycle is 11;22° in mean [longitude] from 
the perigee, the planet performs its stations at a distance [in anomaly] from the 
apparent perigee of the epicycle of 35;30°, so that the difference from that for 
mean distance is [35;30° - 34;56° =] 34’. And the least distance is 55;34° where 
the mean is 60°, and their difference is 4;26”, while at the above elongation from 
the perigee the distance is about 55:42" and the difference from the mean 4;18". 
So, again, multiplying 4;26 into 0;34 and dividing the result by 4;18, we find the 
difference [in anomaly] at the actual perigee with respect to that for the mean 
distance as 0;35°. Hence the distance in anomaly from the apparent perigee of 


85 Kata TOV TOV pr apLOpdv. One would expect Kata ToD tHVv Pm otixon (cf. e.g. H499, 1-2, 22), 
and that occurs (at least as an alternative reading) in L,Ger. But the same expression occurs at 
H501,14 and 502,12. 

86 Cf. p. 580 with n.69. 
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the epicycle is [34;56° + 0;35° =] 35;31°, and from the apogee, for the first 
station, 144;29°, and for the second station 215;31°. We enter the latter in the 
same [i.e. eleventh and twelfth] columns, in this case, however, not opposite the 
number ‘180’ of longitude, but opposite ‘120’ and ‘240’, since we have. shown 
that the points of the planet Mercury’s eccentre closest to the earth are at those 
positions. 

Now that the above has been set out, the increments for the positions in 
between [apogee and perigee] can be obtained using the same methods, 

To take an example, let us set ourselves the task of finding the entries (in 
apparent anomaly) for first station when the mean position in longitude is 30° 
from the apogee. At this situation the distance of the epicycle, for a mean 
distance in every case of 60°, calculated by the methods explained previously, is 
(as we stated before)*’ as follows: 

Saturn Jupiter Mars Venus Mercury 
Ooe2, 62;26° 65:24" 61;6° 668s" 
Hence the differences of each with respect to the mean (using the above order, 

to avoid repetition) are 

Gene 2;26° 5;24° 1:6 6;35° 
But the differences between the distance at actual apogee and the mean, since 
the above amounts for the distance are in all cases greater than the mean, are, in 
the same units, 

ap aay 2;45° 6;0° Ie Mea 9;0°. 
Now the total differences in apparent anomaly between apogee and mean 
distance come to (using the same order)* 

15253 133° 541° 147° 2: 102 
We multiply each of the latter in turn into the difference between the distance at 
that point and the mean for the planet in question (e.g. [for Saturn we multiply] 
1;23 into 3;2), and divide the result by the difference between greatest distance 
[and mean], (e.g. [for Saturn] by 3;25), and thus get for the above position in 
longitude, for each planet, the following amounts of difference in anomaly with 
respect to that for mean distance: 

Nes is ae lege. Oe 1;8° 1 

The distances [in anomaly] from the apparent apogee of the epicycle at the 
mean distances are:°? 

4:8° 125;38° 16359? 167;8° boy4°. 
The [corresponding amount] at greatest distance is greater than the above for 
Mercury, but less for the other planets. So for Mercury we add the difference 
which we found for the distance in question to that for the mean distance, but 
for the other planets we subtract it, and get the following amounts, in apparent 


87 XI 10 p. 547. See that chapter for the method of calculating these quantities. 

*8 Saturn (p. 567) Apogee 67;15°, mean 65,52°, difference 1;23°. Jupiter (p. 571) Apogee 55;55° 
mean 54;22°, difference 1;33°. For the other amounts see pp. 584, 585, and 585. Although Ptolemy 
does not explicitly say so, logic demands, and the tables confirm, that for positions of the epicycle 
between mean distance and perigee one takes the corresponding differences in anomaly between 
mean distance and perigee (namely 1;21, 1;33, 6;0, 1,13 and 0;35) and interpolates accordingly. Cf. 
HAMA 204 bottom. 

* For the following amounts see Z_ ZAH on pp. 565, 570, 573, 576, and 579, where in each case the 
supplements (i.e. the distances from apparent perigee) are given. 
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anomaly from the apogee of the epicycle, which are entered in the columns for 
first station opposite 30° of mean longitude: 

Saturn Jupiter Mars Venus Mercury 

T2354 12416. 156;2° 166;0° 120:39— 
We can immediately complete the columns for second station, by entering, for 
each [planet],°° the difference from 360° of the amount for first station, [ putting 
the result] in the column for second station on the same line. Thus at the above 
position [we enter] 

247;6° 250344" 201;58° Webel’ 215,212; 

It is easy to see that if, for the sake of greater convenience, we should choose to 
enter, not the anomaly, taken with respect to the apparent apogee of the 
epicycle, but the uncorrected anomaly, taken with respect to the mean 
[epicyclic apogee], we can immediately derive this too, by taking in the table of 
anomaly the equation (combined [from the 3rd and 4th columns]) correspond- 
ing to each argument of mean longitude, and subtracting it from the amount we 
found for the apparent anomaly on the 180° of the eccentre counted from 
apogee, but adding it for [longitudes from apogee] of more than 180°. 

The layout of the table is as follows. 


H505 


8. {Table of Stations}* H506-7 


[See p. 588. ] 


9. {Demonstration of the greatest elongations from the sun of Venus and Mercury}** 


Now that we have gone through the theorems concerning retrogradations, next 
in the logical sequence is to demonstrate the greatest elongations of the planets 
Venus and Mercury from the sun, in each of the zodiacal signs, as derived from 
the above hypotheses. In setting out [the tables] for these, we have taken [the 
elongations] with respect to the apparent position of the sun, and assumed that 
the actual planets are at the beginning of the [respective] signs, and that the 
positions of their apogees with respect to the solstitial and equinoctial points are 
those which obtain in our time, namely, for Venus, in 8 25°, and, for Mercury, 
in 10°. It will be easy for those who come after us to correct for the change in 
the greatest distances due to the shift in the apogees, using the same methods, and 
in any case the change remains negligible for a very long time. 

In order to make it easy to understand the method of our approach [to this 
problem], by way of example we must demonstrate, for Venus first, the greatest 


* Deleting the word otiyov at H504,20. If kept, this would mean ‘on each line’. But, first, 
Ptolemy does not use éi in this sense, but KOTO; secondly, it is hideously clumsy to follow &@ 
Exdotou otlyov by Kata TOV avtGv oT1yGv; an thirdly one needs oe to each planet 

1). This is an ancient interpolation, since it is in all mss. 
eo en 138° (H507,28), pene the readings 167;10° (also A‘) and 192;50°, 
which are more correct than the 167;8°, 192;52° adopted by Heiberg, and should perhaps be 
preferred. However, errors of as much as 2’ occur elsewhere in the Mars table. 

22 See HAMA 230-4, Pedersen 351-4, 
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[TABLE OF STATIONS] 
(AMOUNTS IN CORRECTED ANOMALY) 


SATURN JUPITER MARS VENUS MERCURY 
Common First Second First Second First Second First Second First Second 
Numbers Station | Station | Station | Station | Station | Station | Station | Station | Station | Station 
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ys eh || Pea 8) 
WIZE 54 5 24/6 


112 58 


102 


108 
114 | +246 
120 | 240 
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H509 morning and evening elongations (as defined above) when the planet is at the 
spring equinox, [namely] at the beginning of Aries. 

Let [Fig. 12.13] the line through A, the apogee of the eccentre, be ABGDE, 
on which B is taken as the centre of uniform motion, G as the centre of the 
eccentre carrying the epicycle, and D as the centre of the ecliptic. Draw GZ as 
radius of the eccentre, describe the epicycle HO about Z, and from D draw DO 
as tangent on the side of the epicycle which represents morning [visibility] and is 
in advance of it{s centre]. Join BZH and ZO, and drop perpendiculars GK, GL 


and BM. 
Then, since DA points towards 8 25° and D© towards the beginning of 
Aries, 
H510 Z AD® = aaa eS right angles = 360° 
110°° where 2 right angles = 360; 


and Z DGK = 70°° (complement). 
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Fig. 12.13 


Therefore, in the circle about right-angled triangle GDK, 
are GK = 1102 
and GK = 98;18° where hypotenuse GD = 120°. 
Therefore where GD = 1;15° and the radius of the epicycle, ZO = 43;10° 
Cra) 1-1", 
and, by subtraction [of LO from ZO], ZL = 42;9°, 
where GZ, the radius of the eccentre, is taken as 60°. 
Therefore where hypotenuse GZ = 120°, ZL = 84;18°, 
and, in the circle about right-angled triangle GZL, 
are fin 80.16. 
= £2 ZG = 69:10 - where 2 right angles = 360°°. 
But Z DGK = 70°° in the same units, and Z LGK is right. 
Therefore, by addition, Z ZGD is found to be [89;16 + 70 + 180] = 339; 16°°, 
and, by subtraction [from 2 right angles], Z AGZ = 20;44°°. 
Therefore, in the circle about right-angled triangle BGM, 
arc BM = 20;44° 
and arc GM = 159;16° (supplement). 
Therefore the corresponding chords 
BNE = 21635 
and GM = 118;2? 
Therefore where BG = 1;15°, and GZ, the radius of the eccentre, is 60", 
BM = 0;13°, 
ON Ee ae 


and, by subtraction [of GM from GZ], MZ = 58;46”. 
Hence hypotenuse BZ [= \/ BM’ + MZ’] = 58;46° in the same units. 


Therefore, where BZ = 120°, BM = 0;27°, 


p 
} where hypotenuse BG = 120°. H511 


H512 
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and, in the circle about right-angled triangle BZM, 
arc BM 0:26". 
.. Z BZG = 0;26°° where 2 right angles = 360°°. 
And we showed that Z AGZ = 20;44°° in the same units. 
Therefore, by addition, Z ABZ, which represents the mean motion in longitude, 
| 21;10°° where 2 right angles = 360°° 
10;35° where 4 right angles = 360°. 
Therefore the mean position of the sun will be 10;35° in advance of the 
apogee at A, and, obviously, will be in 8 14;25°. 

And the true position of the sun will be in 8 15;14°. Therefore the planet, 
when it is at the beginning of Aries, will have a maximum morning elongation 
from the true sun of 45;14°. 

Again, let there be drawn next [Fig. 12.14] the diagram with the tangent to 
the side of the epicycle which represents evening [visibility] and is towards the 


E 


Fig. 12.14 


rear of the epicycle [centre], while the planet, as before, is taken as being at the 
beginning of Aries. 
By what was shown above, Z AD® will remain the same, 
and Z DGK = 70°° where 2 right angles = 360°°, 
and GK = LO = 1,1" 
where GZ, the radius of the eccentre, is 60°, 
and ZO, the radius of the epicycle, is 43;10°. 
Therefore, by addition, ZL{[= ZO + LO] = 44,11? in the same units. 
And it is obvious that, where hypotenuse [of triangle GZL] GZ = 120°, 
Zin aoe. 
and, in the circle about right-angled triangle GZL, 
are ZL = 94:51 
-- ZZGL = 94;51°° where 2 right angles = 360°, 
and Z ZGK = 85;9°° (complement). 
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So, by addition, 4 ZGD (=Z BGM) [=Z DGK +2 ZGK]=155;9°° in the same 


units. 
Hence, in the circle about right-angled triangle BGM, 
arc BM = 155:9° 
and arc GM = 24;51° (supplement). 
Therefore the corresponding chords 
-]yP 
aad a e Hore where hypotenuse BG = 120°. 
Therefore, where BG = 1;15°, 
BM = 1;13?, 
MG = 0;16°, 
and, by addition, MZ = 60;16°. 
Hence hypotenuse BZ [= \/ BM? + MZ?] = 60;17° in the same units. 
Therefore, where BZ = 120°, BM = 2;25” 
and, in the circle about right-angled triangle BZM, 
are BM = 2:19°. 
-- Z BZM = 2;19°° where 2 right angles = 360°. 
And Z BGZ = 204;51°° in the same units. 

since Z DGZ was shown to be 155;9°° in those units. 

Therefore, by addition, 2 ABZ, which represents the mean motion in 
longitude,” 

eee ote where 2 right angles = 360°° 

103;35° where 4 right angles = 360°. 
Therefore the sun’s mean position will be at [8 25° - 103;35° =] a 11;25° 
and its true position at 4 13;38°. 

Thus the greatest evening elongation of the planet from the true sun, when, as 
before, it is at the beginning of Aries, will be 46;22°. 

In the case of the planet Mercury, in order to have a more convenient 
approach to the demonstrations of its missing phases which we shall give further 
on,”* let us set ourselves the task of finding the maximum elongation of the 
planet from the true sun, as evening star when it 1s at the beginning of Scorpius, 
and as morning star when it is at the beginning of Taurus. 

Now, according to our hypothesis for Mercury, when the apparent position 
of the planet is given, the mean position in longitude cannot be found, since line 
GZ does not remain the same constant length,® always equal to the radius of 
the eccentre (as it does in the hypothesis for the other [planets]). But if the mean 
position in longitude is given, the apparent position can be demonstrated. So we 
assume, for each [zodiacal] sign, two positions in [mean] longitude which can 
bring the planet [at greatest elongation] near the beginning of the sign in 


3 Reading thc OpaATc Kata LNKOc mapddov (with D'G, Ar) at H513,15-16 for the nonsensical 
THs Opadtc Kai kata pAKoc napddov. Corrected by Manitius. 

* The reference is to XIII 8 (p. 644). 

° For the other planets (e.g. Venus, Fig. 12.14) this denotes the distance from the centre of the 
eccentre to the centre of the epicycle, but for Mercury Ptolemy seems to be referring to a figure such 
as Fig. 9.9, where it denotes the distance from the equant point to the centre of the epicycle. These 
two amounts are indeed trigonometrically comparable. Ptolemy is correct in stating that, for 
Mercury, one cannot find the mean position from the true, at least by Euclidean geometry. 
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question, the first in advance [of the beginning of the sign], and the second to the 
rear [of it]; we compute the greatest clongations at the chosen positions, and 
thence” find the greatest elongation which occurs at the actual beginning of the 
sign. ‘Fhis will be easily comprehensible from the [ particular} problems we have 
set ourselves to solve: and first for the greatest evening elongation at the 
beginning of Scorpius. 

Hoi Let [Fig. 12.15] the diameter through the apogee A be ABGD, on which Gis 
taken as the centre of the ecliptic, and B as the centre of the epicycle’s uniform 
motion. First let the epicycle centre be imagined as being precisely at the 


¢ 


7 
\ 
G 


apogee, so that the mean position in longitude of the sun will be 10°, and its 
true longitude = 8°. On centre A describe the epicycle ZH, draw GH as 
tangent to the side of it representing evening, and drop perpendicular AH. 
Then, since in our previous treatment [TX 9, p. 459] it was shown that where 
GA, the greatest distance, is 69°, AH, the epicycle radius, is 291" 
where hypotenuse [of right-angled triangle AGH] AG = 120°, 
AH = 39:8". 
and, in the circle about right-angled triangle AGH, 
are AH = 383°, 


wi OT une where 2 right angles 
H516 And GA is at & 10°. 


Therefore the planet will have a position of 292°, its maximum elongation 
from the true sun being 21;2°. 


360°° 
360°. 


19;2° where 4 right angles 


“© By linear interpolation. 
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Again, let [Fig. 12.16] the distance in mean longitude from the apogee be 3°: 
thus the mean sun will be at 13°, and the true sun at 11;4°. Draw BE and 
on centre E describe the epicycle ZH. As before, draw the tangent GH, and join 
EG, EH. Then at the situation in question, i.e. with Z ABE taken as 3°, by our 
previous methods one can show that the angle corrected for the eccentricity,” 

GXG E252", 
and the distance of the epicycle in that situation,” 
EG ~ 68;58" where EH, the radius of the epicycle, is 22;30°. 


z 


D 


Fig. 12.16 


Therefore, where hypotenuse EG = 120°, EH = 39;9°. 

Therefore, in the circle about right-angled triangle GEH, 
arcu = 38:5"; 
38;5°° where 2 right angles = 360°° 
anche her =e een where 4 right angles = 360°. 

Hence, by addition, Z AGH = 21;55° in the same units. 
So when the planet is at M 1;55°, its greatest elongation from the true sun will be 
lilies 5° — =~ 14? =]920;51°%, 
And we showed that when it is at 29;2°, its greatest elongation from the true 
sun will be 21;2°. 
Thus the difference between the longitudes is 2;53°, and the difference 
between the greatest elongations is 11’, and so to the 0:58° from the first position 


97 If the text is to be trusted here, this must be the meaning of tfj¢ napa tiv ExKevtpoTHTEA 
Ssapopiic. But the normed reterence of such an expression would be to the equategn fof orntre) ieselt, 
not to the angle corrected fy the equation. I strongly suspect that the phrase is interpolated (it is in 


the whole ms. tradition). 
8 By trigonometrical calculation, EG = 68:58,25", Z AGE = 2;52,10°. 
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to the beginning of Scorpius corresponds [a decrement in greatest elongation of] 
about 4’, which we subtract from 21;2° to get the greatest evening elongation 
from the true sun [when the planet is] precisely at the beginning of Scorpius as 
20,90", 

Next, to find the greatest morning elongation at the beginning of Taurus, let 
us suppose first that the mean position in longitude is 39° towards the rear from 
the perigee. Thus the mean sun is at 8 19°, and the true sun at 8 19;38°. Let 
there be drawn [Fig. 12.17] a figure similar [to the preceding], in which the 
epicycle is described to the rear of the perigee, and the tangent is drawn to the 
morning side of the epicycle. 


A 


er 
Fig. 12.17 


Then at the position in question, i.e. with Z DBZ taken as 39°, by the method 
previously described one can show that 
7 DGE = 40;5775 = 
and that the distance at that moment, 
GE = 55;59” where the radius of the epicycle, EH = 22:30". 
Therefore where hypotenuse [of right-angled triangle GEH] GE = 120°, 
EH = 48;14° 
and, in the circle about right-angled triangle GEH, 
are BES 47:24" 
ZL EGH = eed where 2 right angles = 360°° 
23;42° where 4 right angles = 360°. 
And, by subtraction [from Z DGE], Z HGD = 17;15° in the same units. 
Therefore when the planet Mercury has a longitude of P 27;15°, its greatest 
morning elongation from the true sun will be[8 19;38° - (P 27;15° =] 22;93°. 


” For K = 219°, p = 55;59,1, and « = 220;55,57°, hence Z DGE = 40:56°. 
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Again, let it be assumed to have a distance in mean longitude from the 
perigee, on the same side, of 42°. Thus the sun will have a mean longitude of 8 
22° and a true longitude of § 22;31°. 

Then at this position, i.c. with Z DBZ taken as 42°, one can show that 
Z DEE = 444°, 
and that the distance at that moment, 
GE = 55;53"!° where the radius of the epicycle, EH = 22;30°. 
Therefore, where hypotenuse EG = 120°, EH = 48;19?, 
and, in the circle about right-angled triangle EGH, 
are E=-47-30°. 

, _ J 47;30°° where 2 right angles = 360°° 

ae ee where 4 right angles = 360°, 
and, by subtraction [from Z DGE], Z HGD = 20;19° in the same units. 
Therefore when the planet Mercury has a longitude of 8 0;19°,!° its greatest 
morning elongation from the true sun will be[8 22;31° - 8 0;19° =] 22;12°. 
And we showed that when it has a longitude of P 27;15°, its greatest elongation 
(similarly defined) will be 22;23°. 
So, again, since the difference between the longitudes is 3;4°, and the difference 
between the greatest elongations is 11’, to the 2;45° from the longitude at the 
first position to the beginning of Taurus correspond approximately 10’. So, 
subtracting the latter from the 22;23°, we get the greatest morning elongation 
from the true sun [when the planet is] at the beginning of Taurus as 22;13°. 

Ornay: 

In the same way we computed the greatest morning and evening elongations 
for both planets by calculation at [the beginning of] the other signs, and 
constructed a small table for them, with 12 lines (equal in number [to the signs]) 
and 5 columns. At the beginning we put, in the first column, the first points of 
the signs, starting with Aries. In the following 4 columns we put the 
corresponding computed greatest elongations from the true sun: the second 
contains the morning elongations of the planet Venus, the third its evening 
elongations, the fourth the morning elongations of Mercury, and the fifth its 
evening elongations. The table is as follows. 


100 Reading Ve Vy at H519,13 for Ve V (55;50°). Calculation (for € = 222°) gives p = 55;52,58", 
Although Ptolemy is capable of a computing error of this amount, he did not in fact make it, for the 
following calculations are consistent with 55:53" and not with 55;50° (thus 22;30 x 120/55;50 = 
48;215, whereas 55353 leads to 48;19, as the text). The error, though scribal, is old, since it is shared 
by all mss. 

101 Literally ‘of 19’ of the first degree of Taurus’. 
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H522 10. {Greatest elongations with respect to the true sun}' 


VENUS MERCURY 
Beginning As As As 
of the Morning | Evening Evening 
Sign Star Star Star 


215) Nee 
45 17 
45034 


Ecole) 
46 20 
46 38 


4A) 405) 
46 47 
46 30 


Si 
8 
u 
HN 
™m 
m 
? 
Vp 
* 


'? Correction to Heiberg: omit (with G,Ar) the column of argument before the entries for 
Mercury. Ptolemy’s own description indicates that it was not in the original. 

There are occasional computing errors of up to 5’ in the entries. For Venus, #, evening, the 
printed version of the Handy Tables (Halma III p. 32) has 47;37 (computed 47;39), but this greater 
accuracy seems coincidental, as the version in Val. Gr. 1291, f. 90°, agrees with the Almagest. For 
Mercury, , evening, there is a serious computing error, as noted HAMA 234 n.10. I find 18;53, but 
all mss. known to me agree in 19314. 


Book XIII 


1. {On the hypotheses for the positions in latitude of the 5 planets}! 


The following two topics still remain to [complete] the treatment of the 5 
planets: their position in latitude with respect to the ecliptic, and the discussion 
of their elongations at their first and last visibilities with respect to the sun. For 
the second topic the latitudinal distances of each must also be taken into 
account first, since some considerable differences in the first and last visibilities 
occur due to that factor. So we shall again first set out the hypotheses which we 
assign to the inclination of the circles of all [five] in common. 

Now [first], just as each [planet] appears to perform a twofold anomaly in 
longitude, each exhibits a twofold difference in latitude, one [varying] with 
respect to the parts of the ecliptic, and due to the eccentre, the other with respect 
to [its elongation from] the sun, and due to the epicycle. Therefore in every case 
we suppose that the eccentre is inclined to the plane of the ecliptic, and that the 
epicycle is inclined to the plane of the eccentre. However, as we said [IX 6, p. 
443], no noticeable difference occurs in the longitudinal position or the 
demonstrations of the anomalies on account of such small inclinations, as we 
shall show later.* [Secondly, | from individual observations of every planet, [we 
see that] the planets appear exactly in the plane of the ecliptic when the 
corrected longitude is approximately a quadrant from the northern or southern 
limit of the eccentre, and at the same time the corrected anomaly is 
approximately a quadrant from its own apogee.’ So we suppose the inclinations 
of the eccentres to take place at the centre of the ecliptic (just as for the moon), 
and with respect to the diameters through the northern and?‘ southern limits; 
and [we suppose] that the inclinations of the epicycles take place with respect to 
that diameter of the epicycle which points towards the centre of the ecliptic, on 
which its apparent apogee and perigee are observed. 

Moreover, in the case of the 3 planets Saturn, Jupiter and Mars, we have 
observed that when their longitudinal positions are in the section of the eccentre 
farther from the earth they are always’ north of the ecliptic, and are more 


1On chs. 1 and 2 see HAMA 206-7, Pedersen 355-61. 

®See XIII 4 pp. 608-22. 

31.e. from the true apogee of the epicycle. 

4 One would expect Kai (text 7), and kai was apparently read by al-Hajjaj. Ione keeps the text, 
one has to understand ‘through [the centre of the ecliptic] and the northern or southern limits’. 

5 Excising T6 RAgtotov at H525,23, with Ar. It is a gloss (‘for the most part’) put in by a 
commentator to qualify dei: since the northern limit does not quite coincide with the apogee 
(except for Mars), the planets are not always north of the ecliptic when on the semi-circle containing 


the apogee. 
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northerly for positions at the perigee of the epicycle than tor those at the 
apogee;® but that when their longitudinal positions are in the section of the 
eccentre nearer the earth, quite the opposite, they appear south of the ecliptic. 
And [we have observed] that the northern limit of the eccentre is, for Saturn 
and Jupiter, around the beginning of the sign of Libra, and, for Mars, around 
the end of Cancer, almost exactly at its apogee. From these [observations] we 
conclude that the parts of their eccentres in the above-mentioned regions of the 
zodiac are inclined towards the north, and the diametrically opposite parts 
[depressed] by an equal amount towards the south, and that the parts of the 
epicycle nearer the earth are always inclined in the same direction as the 
eccentre,’ while the diameter [of the epicycle] at right angles to the diameter 
through its apogee always remains parallel to the plane of the ecliptic. 

In the case of Venus and Mercury, however, we have observed that [firstly], 
when their longitudinal positions are at the apogee or perigee of the eccentre, 
then positions at the perigee of the epicycle do not differ at all in latitude from 
positions at the apogee [of the epicycle]: rather they are either north or south of 
the ecliptic by an equal amount, always north for Venus, always south, on the 
contrary, for Mercury; whereas their positions at the greatest elongations differ 
[in latitude] from each other by the greatest amount (that is, the morning 
greatest elongations differ from the evening greatest elongations), while they 
differ from the positions at apogee and perigee of the epicycle (i.e. from the 
difference [in latitude] due to the eccentre)® by an equal amount, [but] in 
opposite directions: the greatest elongation which is towards the rear [of the 
epicycle centre] and in the evening is, for Venus, more northerly [than the 
morning one] at the apogee of the eccentre and more southerly at the perigee, 
while for Mercury the opposite is true, it is more southerly at the apogee [of the 
eccentre| and more northerly at the perigee. [Secondly, we have observed that, ] 
when their corrected longitudinal positions are at the nodes, then a distance ofa 
quadrant on either side of apogee or perigee of the epicycle brings [the planet] 
into the plane of the ecliptic, whereas positions at the perigee [of the epicycle] 
have the greatest diflerence [in latitude] from positions at the apogee: for Venus 
this inclination is towards the south at the node on the semi-circle on which the 
equation is subtractive,” and towards the north at the opposite [node]; for 
Mercury the opposite is again true: at the node on the subtractive semi-circle 
the inclination is towards the north, at the opposite one towards the south. 
From this too, then, we conclude that the inclination of the eccentre is also 
variable, and that its variation has the same period as the epicycle [on the 


SExcising 1] MAetot@ tote at H526,1. This would have to mean ‘the amount by which they are 
more northerly for apogee positions than for perigee positions is greatest at that point’, where tote 
refers to the apogee of the eccentre. But in fact the point where this occurs is not the apogee, but the 
northern limit, and in any case this refinement is simply not appropriate here. 

"Le. if the eccentre is north of the ecliptic, the perigee of the epicycle is north of the eccentre, and 
if it is south, south. 

* At the positions in question (at apogee or perigee of the eccentre) the diameter of the epicycle 
through apogee and perigee of the epicycle lies in the plane of the eccentre, hence the latitudinal 
effect comes entirely from the inclination of the eccentre. 

* This nomenclature is used, rather than ‘ascending’ and ‘descending’ (as for the moon and the 
outer planets), because the effect of the inclination of the eccentre is always in one direction (north 
for Venus and south for Mercury). Cf. Manitius p. 328 n.a) and Pedersen 376. 
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eccentre]: when the epicycle is in the nodes, the eccentre is in the same plane as 
the ecliptic, but when (the epicyle] is at apogee or perigee, the eccentre produces 
the greatest difference in the epicycle’s latitude, making it most northerly for 
Venus and most southerly for Mercury. [We also conclude that] the epicycle 
brings about two variations [in latitude]: it produces the greatest inclination of 
the diameter through the apparent apogee at the nodes of the eccentre, and the 
greatest ‘slant’ (let us use this term to distinguish this kind of angular variation) 
of the diameter at right angles to the former at the apogee and perigee of the 
eccentre. Contrariwise, it brings the first [diameter] into the plane of the 
eccentre at its [the eccentre’s] apogee and perigee, and brings the second 
diameter into the plane of the ecliptic at the above-mentioned nodes. 


2. {On the type of the motions in inclination and slant according to the hypothesest'® 


The general structure of the hypotheses, then, which we infer is as follows. The 
eccentric circles of [all] 5 planets are inclined to the plane of the ecliptic about 
the centre of the ecliptic. But in the case of the 3 planets Saturn, Jupiter and 
Mars the eccentre has a fixed inclination, so that diametrically opposite 
positions of the epicycle have opposite directions in latitude, whereas in the case 
of Venus and Mercury the eccentre moves together with the epicycle in the 
same latitudinal direction, for Venus always to the north, for Mercury always to 
the south. The epicycle [for all 5 planets] has the diameter through its apparent 
apogee moved from a starting-point in the plane of the eccentre, by a small 
circle which we may suppose attached to the end [of the diameter] nearer the 
earth. This circle is of a size corresponding to the appropriate [maximum] 
deviation in latitude, is perpendicular to and centred in the plane of the 
eccentre, and revolves with uniform motion, with a period equal to that of the 
motion in longitude, from one end of the intersection of its own plane and the 
plane of the epicycle towards the north (by hypothesis), carrying with it the 
plane of the epicycle: in its revolution through the first quadrant it carries the 
epicycle’s plane, obviously, to the northern limit, in the second back to the 
plane of the eccentre, in the third to the southern limit, and in its return to[the 
end of] the remaining quadrant back to the original plane. We also [infer] that 
the origin and point of return of this revolution is for Saturn, Jupiter and Mars 
the ascending node, for Venus the perigee of the eccentre, and for Mercury the 
apogee of the eccentre.'' The diameter [of the epicycle] at right angles to the 
aforementioned, in the case of the 3 [superior] planets, as we said [p. 598], 
always remains parallel to the plane of the ecliptic, or at any rate is not inclined 
to it by a significant amount, but in the case of Venus and Mercury it too 
is carried from a starting-point in the plane of the ecliptic by a small circle 
which we may suppose attached to the rearward end, which is again of a 
size corresponding to the appropriate [maximum] deviation in latitude, 


10QOn the mechanism imagined by Ptolemy (and in particular the ‘small circles’) the best 
discussion is by Riddell, ‘Latitudes of Venus and Mercury’, despite occasional inaccuracies due to 
his use of Taliaferro’s faulty translation. 

11 ft is essential to change Heiberg’s punctuation from a comma to a full stop at H530,13. 
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perpendicular to the plane of the ecliptic, and centred on the diameter” 
parallel to the ecliptic. This circle revolves, with a speed equal to that of the 
other [small circle], from one end of the intersection of its plane and the plane of 
the epicycle towards the north, again by hypothesis, and carries with it the 
evening [i.e. rearward ]!’ end of the aforementioned diameter in the same order 
as before. For this too the origin and point of return of the similar type of 
revolution is, in the case of Venus, at the node in the additive semi-circle, and, 
in the case of Mercury, at the node in the subtractive semi-circle. 

However, we must make the following assumption concerning those small 
circles which produce the motions in latitude of the epicycles: they too are, 
indeed, bisected by the planes about which we declare that the variations in 
latitude take place; for that is the only way in which it can come about that their 
[the epicycles’] motions in latitude are equal on both sides [of the planes}. 
However, their revolution in uniform motion takes place, not about their own 
centres, but about some other point which will produce in the small circle an 
eccentricity corresponding to [the eccentricity] of the planet in longitude in the 
ecliptic. For since the times of revolution on the ecliptic and the small circle are, 
by hypothesis, equal, and the arrivals at the quadrants in both [circles] also 
correspond to each other, according to the [observational] phenomena, if the 
[uniform] revolution of the small circle were to take place about its own centre, 
the desired result would not be achieved; since [in that case] each of the 
quadrants of the small circle would be traversed in an equal time, while the 
quadrants of the ecliptic traversed by the epicycle would not be, because of the 
eccentricity assumed for each planet. But if[the uniform revolution of the small 
circle takes place] about a point placed similarly to the [centre of uniform 
motion] in the eccentre, the returns in the inclinations will also traverse the 
corresponding quadrants of the ecliptic and the small circle in equal times. '* 

Now let no one, considering the complicated nature of our devices, judge 
such hypotheses to be over-elaborated. For it is not appropriate to compare 
human {constructions} with divine, nor to form one’s beliefs about such great 
things on the basis of very dissimilar analogies. For what [could one compare] 
more dissimilar than the eternal and unchanging with the ever-changing, or 
that which can be hindered by anything with that which cannot be hindered 
even by itself?!” Rather, one should try, as far as possible, to fit the simpler 
hypotheses to the heavenly motions,’® but if this does not succeed, [one should 
apply hypotheses] which do fit. For provided that each of the phenomena is 
duly saved by the hypotheses, why should anyone think it strange that such 


Cf. Manitius’ note p. 33] b). If‘diameter’ is to make any sense here, it must be a diameter of the 
epicycle which is parallel to the ecliptic (at a certain point in the orbit), and notionally remaining 
there all the time, even when the epicycle is ‘slanted’. Cf. HAMA 1279 Fig. 219a (where the line 
through A is parallel to the ecliptic), and Riddell Fig. 4 and p. 101. 

“npdc tonépav, literally ‘toward evening’, which one would expect to mean ‘western’. But the 
sense demands ‘eastern’, and, if the text is correct, one must interpret it, with the Arabic translators, 
as ‘the side of the epicycle where the planet appears as evening star’, cf. H511,22, ta Eonépia Kai 
ENOLEVa Tov EnLKUKAOD. 

'*It is essential to correct Heiberg’s punctuation of this passage by deleting the comma after 
TETAPTHHOpiwv (H532,9) and inserting one after Exkxévtpov (H532,8). 

"Le. the substance of the heavenly bodies, the ‘fifth essence’. Cf. p. 36 n.8. 

*°On this principle of simplicity see p. 136 n.17. 
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complications can characterise the motions of the heavens when their nature is 
such as to afford no hindrance, but of a kind to yield and give way to the natural 
motions of each part, even if [the motions] are opposed to one another? Thus, 
quite simply, all the elements can easily pass through and be seen through all 
other elements, and this ease of transit applies not only to the individual circles, 
but to the spheres themselves and the axes of revolution. We see that in the 
models constructed on earth the fitting together of these [elements] to represent 
the different motions is laborious, and difficult to achieve in sucha way that the 
motions do not hinder each other, while in the heavens no obstruction whatever 
is caused by such combinations. Rather, we should not judge ‘simplicity’ in 
heavenly things from what appears to be simple on earth, especially when the 
same thing is not equally simple for all even here. For if we were to judge by those 
criteria, nothing that occurs in the heavens would appear simple, not even the 
unchanging nature of the first motion, since this very quality of eternal 
unchangingness is for us not [merely] difficult, but completely impossible. 
Instead [we should judge ‘simplicity’ ] from the unchangingness of the nature of 
things in the heaven and their motions. In this way all [motions] will appear 
simple, and more so than what is thought ‘simple’ on earth, since one can 
conceive of no labour or difficulty attached to their revolutions. 


3. {On the amount of the inclination and slant for each [planet]}"" 


From the above considerations one may infer the general situation and 
arrangement of the inclinations of the [various] circles. But [concerning] the 
actual size for each planet of the arc cut off by the inclination on the great circle 
drawn perpendicular to the plane of the ecliptic through the poles of the 
inclined circle’® (with respect to which [great circle | the positions in latitude are 
measured), this is readily calculated in the case of Venus and Mercury from the 
apparent positions in latitude at the situations described. 

For when their motion in longitude brings them to apogee or perigee of the 
eccentre, if the planet’s position is at perigee or apogee of the epicycle, they 
appear, as we said, (operating from nearby observations),'? an equal amount 
either north or south of the ecliptic: Venus always abouté° north, and Mercury 
always }° south. Hence [we conclude that] the inclinations of the eccentres are of 
that size for each. But if they are at a greatest elongation from the sun, both 
planets appear about 5° (in the mean) farther north or south than at the 
opposite greatest elongation: for Venus has an apparent diflerence in latitude of 
the kind mentioned [i.e. between greatest morning and evening elongations| of 
negligibly less than 5° at the apogee of the eccentre, and negligibly greater than 
5° at the perigee, while Mercury has about 3° [less and greater than 5° in 


'7On chs. 3 and 4 see HAMA 208-16, Pedersen 361-85, Riddell, ‘Latitudes of Venus and 
Mercury’. 

18 ‘inclined circle’: defcrent or epicycle as the case may be. 

19From ‘nearby observations’ because the planets are invisible when precisely at apogee or 
perigee of the epicycle. Correct Heiberg’s punctuation by inserting a comma after Ws EPALEV (‘as 
we said’), which cannot refer to the use of nearby observations, but only to the fact that the planet is 


north or south etc. (as p. 599). 
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latitudinal difference at apogee and 180° from apogee respectively]. Hence the 
slant of the epicycle to either side of the plane of the eccentre subtends about 22°, 
in the mean, of the [great] circle orthogonal to the ecliptic. From this [quantity] 
the size of the angles formed by the slant of the epicycle to the plane of the 
eccentre [for each planet] can be found, as will become clear in our proofs 
concerning them in what follows [ XIII 4, p. 625] (so as not to fragment, at this 
point, our discussion of the inclinations, which will treat the five planets in 
common). 

But when their corrected motion in longitude brings them to the nodes and 
[hence] very nearly to mean distance: then Venus, when its position is near the 
apogee of the epicycle, appears 1° north or south” of the ecliptic, and, when its 
position is near the perigee, about 63°: hence the inclination of its epicycle too 
cuts off 23° of the great circle drawn through its poles in the way described; for 
we find from the [table for] epicyclic anomaly that at mean distance that amount 
[23°] subtends at the observer’s eye an angle of 1;2° for [the planet at] the apogee 
of the epicycle, and 6;22° for [the planet at] the perigee.”’ As for Mercury, when 
its position is near the apogee of the epicycle, as one can calculate from the 
phases nearest to it, it is north or south of the ecliptic” by 12°, and, when near 
the perigee, about 4°; hence the inclination of its epicycle comes to 64°. For 
again we find from the [table for] epicyclic anomaly that at the distances of 


. greatest inclination, that is when the corrected longitude is a quadrant from 


apogee, that amount [64°] subtends, at the observer’s eye, 1;46° for [the planet 
at] the apogee of the epicycle, and 4;5° for [the planet at] the perigee.” 

In the case of the other planets, Saturn, Jupiter and Mars, there is no method 
for finding the sizes of the inclination immediately [from the observational 
data], since both inclinations, that connected with the eccentre and that 
connected with the epicycle, are always intermingled; however, once again, 
from the latitudinal positions observed at perigee and apogee of eccentre and 
epicycle, we determine each inclination separately in the following manner. 

[See Fig. 13.1.] In the plane orthogonal to the ecliptic let the intersection with 
it of the plane of the ecliptic be AB, and of the plane of the eccentre, GD. Let 
point E be the centre of the ecliptic, and at the intersection of the planes, [that of 
the eccentre and that orthogonal to the ecliptic], draw,” in the defined plane, 
about G, the apogee of the eccentre, and about D, the perigee, equal circles 
ZHOK and LMNX to represent the circles through the poles of the epicycles. 
On these circles let the planes of the epicycles [be drawn] on lines HGK and 
MDx, inclined, obviously, at equal angles at G and D. From E, the centre of 


°Sce HAMA 1279 Fig. 219b: Venus at apogee is north for Kg = 90°, south for Ky = 270°. 

21 For the rationale of this calculation see HAMA 215. From Table XI 11, col. 6, toan argument 
of 23° near apogee corresponds an equation of anomaly of 2;31° x 23/6 ~ 1;2°, while to 24° near 
perigee corresponds 7;38° x 23/3 ~ 6;22°. 

See HAMA 1280 Fig. 221: Mercury at apogee is north for Ky = 270° and south for ky = 90°. 

*’ See HAMA 216 (which has several small errors). The corrected longitude for Mercury is 
exactly 90° from apogee when the mean longitude is 92;52°. From Table XI 11, cols. 6-8, one finds, 
for K = 92:52° anda. = 64°, an equation of 1;45,51°, and for K = 92;52° and a = 173°, an equation of 
4:4,47°, confirming Ptolemy’s calculations. 

** Excising té after yeypap8woav at H537,20 (with D). Alternatively one could puta strong stop 
after €ninédmv at H537,19 (with A,Is), and translate ‘Let point E be the centre of the ecliptic and at 
the intersection of fall three| planes. Then draw. . . .’ 
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Fig. 13.1 


the ecliptic, at which the observer’s eye is, draw straight lines joining it to the 
apogecs and perigees of the epicycles, EH and EM to the apogees, and EK and 
EX to the perigees. It is clear that points K and X will represent the positions at 
opposition, and H and M those at conjunction. 

For Mars, then, we obtained the positions in latitude round about the 
oppositions occurring at the apogee of the eccentre (that is, round about point 
K of the epicycle), and also round about the oppositions occurring at the 
perigee of the eccentre (that 1s, round about point X of the epicycle), since the 
difference between them is quite noticeable. At the oppositions near the apogee 
it is 43° to the north of the ecliptic, and at those near the perigee about 7° to the 


south. Thus , 
= 490 
i en - oe where 4 right angles = 360°. 
With that as data, we find the angle formed by the inclination of the eccentre, 
namely Z AEG, and that formed by the inclination of the epicycle, namely 
Z HGZ, in the following manner. 

Since it is easy to see from our demonstrations of the anomalies of Mars that, if 
one considers the angles subtended at the observer’s eye by equal arcs of the 
epicycle near its perigee, those for positions near the apogee of the eccentre bear 
to those for positions near the perigee [of the eccentre] a ratio of approximately 


5:9,7° and since 
arc OK = arc NX, 


25 For the derivation of this ratio from the anomaly table see HAMA 209-10, Pedersen 363 (with 
the correction Toomer [3], 141). 
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it follows that Z GEK:Z DEX = 5:9. 
So, since angles AEK and BEX are given, 
and the ratio of Z GEK:Z DEX is given, 

and Z AEG = Z BED, 
if we form the difference between the magnitudes of the whole [angles, i.e. 
Z AEK andZ BEX], and the difference between [the members of] the ratio[1.e.5 
and 9], take the fraction which the first [difference] is of the second, and take 
that fraction of each [member of the] ratio, we will get the magnitude 
corresponding to each part of the ratio. This can be proven by means of an 
arithmetical lemma.”° 

So, since the magnitudes are 44 and 7, and their difference oF 

and the ratio is 5:9 and the difference 4. 
and 23 is two-thirds of 4, 
we take two-thirds of 5 and 9 [respectively], and get 
Z GEK = 33° and Z DEX = 6°. 
Accordingly, by subtraction, 
Z AEG = Z BED = 1°, the inclination of the eccentre. 
Hence arc OK, representing the inclination of the epicycle, is 24°, for from the 
table of anomaly we find that that amount [23°] corresponds approximately to 
the quantities we found for the angles GEK and DEX.”’ 

In the case of Saturn and Jupiter, we find that the [latitudinal] positions 
occurring near the apogee of the eccentre are not sensibly different from those 
diametrically opposite, near the perigee. So we computed the required results 
in another way, by comparing the {latitudinal positions] near apogee of the 
epicycle with those near perigee. It has become clear to us from individual 
observations that at positions near first and last visibilities the maximum 
deviation to north and south is about 2° for Saturn and 1° for Jupiter, while for 
positions near opposition [the maximum latitudinal deviation] is about 3° for 
Saturn and 2° for Jupiter. Now for these planets too it is obvious from the [table 
for] anomaly that, ifone considers the angles subtended at the observer’s eye by 
equal arcs near apogee and perigee of the epicycle, the angles subtended by arcs 
near apogee bear a ratio to those subtended by arcs near perigee of 18:23 for 
Saturn, and 29:43 for Jupiter;”° 
and arcs ZH and OK of the epicycle are equal. 

So / ZEH: Z ZEK = 18:23 for Saturn 
29:43 for Jupiter. 
But Z HEK, which is the difference between the two latitudes [at apogee and 


26Given two magnitudes A, B, and the ratio 1:m of two other magnitudes, C, D such that 
A=x+C, B=x+D, the lemma states that 
C=I1x (B- A)/(m- 1), D= mx (B- A)/(m - 1), 
Proof: Since D/C = m/1, (D - C)/C = (m - 1)/1. 
ButD~C=B-A 
~ C=1x(B- A)/(m- D, 
D=Cx m/l=m-~x (B- A)/m- ]). 
*7For the method see p. 602 n.21. Here, from Table XI 1], cols. 5-7. for argument 
a. = (180° - 24°) at greatest and least distance respectively, one finds (5;45 - 1;16) x 24/3 = 3:22° and 
(5:45 + 2:20) x 24/3 ~ 6;4° (text 34° and 6°). 
8 See HAMA 211, where however one should change to & (183) = # for Saturn and # for 
Jupiter, in exact agreement with Ptolemy. 65 (3) 
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perigee of the epicycle], is, by subtraction, 1° for both planets. Therefore, if we H542 
divide that 1° in the above ratios, we get 

/ ZEH = 0;26° for Saturn 
0;24° for Jupiter, 
0;34° for Saturn 
0;36° for Jupiter. 
So, by subtraction [from Z AEK], the inclination of the eccentre 

TaN Vee pod oye for Saturn 

1;24° for Jupiter. 

Instead of these, to achieve greater symmetry, we have adopted the round 
numbers 25° and 13°. Then arc OK, representing the inclination of the epicycle, 
can immediately be computed as 43° for Saturn and 23° for Jupiter. For again, 
in the tables of anomaly for each planet, those were the amounts which 


correspond approximately to the quantities we found for angles ZEH and 
Ziie?° 


and Z ZEK = 


Q.E.D. 


4. {Construction of tables for the individual positions in latitude} 


From the above, then, we established the generally applicable quantities of the 
greatest inclinations of eccentres and epicycles. But in order that we may be 
able to conveniently and systematically find the positions in latitude for a given 
moment for the individual distances {from apogee] as well, we constructed 5 
tables for the 5 planets. Each contains the same number of lines as the tables for H543 
anomaly [i.e. 45], and 5 columns. The first 2 of these columns comprise the 
arguments, in the same way as in those [tables for anomaly]; the third column 
contains the latitudinal distances from the ecliptic corresponding to the 
particular degrees of [motion on] the epicycle, under the assumption of greatest 
inclination - for Venus and Mercury this is the inclination at the nodes of the 
eccentre, and for the other 3 planets the inclination at the northern limit of the 
eccentre. For the latter the fourth column will contain the similar corresponding 
amounts at the southern limit, and in the case of these 3 planets the maximum 
deviation to north and south of the eccentres too has also been included in the 
computation. The way in which we determined these quantities for Venus and 
Mercury again rested on a single theorem {for both], as follows. 

[See Fig. 13.2] In the plane orthogonal to the ecliptic let ABG be the 
intersection with it of the plane of the ecliptic, and DBE the intersection [with 
it] of the plane of the epicycle. Let A be the centre of the ecliptic, B the centre of | H544 
the epicycle, and AB the distance of the epicycle at the greatest inclination. 
About B describe the epicycle DZEH,*° and draw diameter ZBH perpendicular 


2 Seep 602 n.21. Here, from Table Xf 11, col. 6 for Saturn, 0;36 x 45/6 =0;27° (text 0;26°), and 
0:22 x 44/3 = 0;34,30° (text 0;34°); for Jupiter 0;58 x 23/6 = 0;24,10° (text 0;24°); 0;43 x 23/3= 
0:35.50 (text 0336). 
30Note that G is not a point on the epicycle, as might appear from Fig. 13.2 and from the 
corresponding figure for Mercury, Fig. 13.4. To make the various planes in this three- dimensional 
figure clearer it has been redrawn as Fig. S. 
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A 


Fig. 13.2 


to DE. Let the plane of the epicycle too be taken as perpendicular to the 
assumed plane [that orthogonal to the plane of the ecliptic], so that when lines 
are drawn in it perpendicular to DE, all will be parallel to the plane of the 
ecliptic, excepting only ZH, which will lie in the plane of the ecliptic. 

Then let the problem be, given the ratio of AB to BE, and the amount of the 
inclination (i.e. of 2 ABE), to find the positions of the planets in latitude when (to 
take an example) they are at a distance of 45° (where [the circumference of] the 
epicycle is 360°) from the perigee of the epicycle, E. [We choose 45°] because we 
intend to demonstrate at the same time the differences in the positions in 
longitude produced by these [maximum] inclinations, and these differences 
ought to reach their maximum at about halfway between the perigee E and the 
positions Z and H, since at those points [the longitudes so computed] are 
identical with the longitudes produced by neglecting the inclination. 

So let arc E® be cut off im the above amount of 45°, and 
drop OK perpendicular to BE, and KL, OM perpendicular to the plane of the 
ecliptic. Join OB, LM, AM and AO. 
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It 1s immediately obvious that 
[1] quadrilateral LKOM has parallel sides and right angles 
(since KO is parallel to the plane of the ecliptic); and 
[2] the equation in longitude is comprised by Z LAM, and 
[3] the position in latitude is comprised by Z @AM 
(since angles ALM and AM@ too turn out to be right angles, because line AM 
lies in the plane of the ecliptic).*! 
But now we must demonstrate the numerical amounts of the required 
positions to be computed for each of the above planets, and first for Venus. 
Since arc EO = 45° where [the circumference of] the epicycle is 360°, 
Z EBO (since it is at the centre _ i where 4 right angles = 360° H546 
of the epicycle) — | 90°° where 2 right angles = 360°°. 
Therefore, in the circle about right-angled triangle BOK, 
arekc = aRene® = 90°. 
So the corresponding chords 
BK = KO = 84;52° where hypotenuse BO = 120°. 
Therefore where BO, the radius of the epicycle, is 43;10?, 
and AB, the mean distance, is 60° 
(for the greatest inclination of the epicycle occurs at approximately that point), 
BK = KO = 30532". 
Again, since the angle of inclination, 
: 2;30° where 4 right angles = 360° 
£ BBE ssaitaisanas 9°° where 2 ions mnie = 360°, 
in the circle about right-angled triangle BLK, 
arco" 
and arc BL = 175° (supplement). 
So the corresponding chords 
Pa OLA 


ann. = ae where hypotenuse BK = 120°. 


31 See Fig. S, which makes most of Ptolemy’s statements obvious. In particular, since M is in the 
ecliptic (by construction) and Z AM@ is constructed as a right angle, LM, K@ and BH are all 
parallel, so Z ALM is a right angle. 
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Theretore, where hypotenuse BK = 30;32?, and AB = 60°, 
KL = 1;20°, 
Bin 30-30. 
and, by subtraction [of BL from AB], AL = 29;30°. 
But, in the same units, LM = K@ = 30332”. 
Therefore hypotenuse AM [= \/AL? + LM?] = 42;27° in the same units. 
Therefore, where hypotenuse AM = 120°, LM ='86;19?, 
and the equation in longitude at that point, 
92;0°° where 2 right angles = 360°° 
Siliieiina 46;0° where 4 right angles = 360°. 
Similarly, where AM = 42;27?, 
©M = KL = 1;20°; 
and @M? + AM? = AO’, 
so A® = 42;29° in the same units. 
Therefore, where hypotenuse A® = 120, 


OM = 3;46°, 
and the angle of the deviation in latitude, 
_ J 3;36°° where 2 right angles = 360°° 
ao |e where 4 right angles = 360°. 


That [1;48°] is what we shall put in the third column of the table for Venus on 


_ the line containing ‘135°. 


In order to make a comparison of the difference in the equation of longitude 
which results [from the above computation], let there be drawn [Fig. 13.3] the 
corresponding figure without any inclination of the epicycle. Then we showed 
that 

BK = K® = 30;32? where AB = 60?, 
so, by subtraction, AK = 29;28°; 
and AK? + K®? = AQ’, 
so A© = 42;26° in the same units. 
Therefore, where hypotenuse A© = 120°, K® = 86;21°, 
and the angle of the equation in longitude, 
ene [=a where 2 right angles = 360° 
46;2°, approximately, where 4 right angles = 360°. 
And with the inclination it was shown to be 46°. 
Therefore the equation in longitude, computed according to the inclination, 
was less by 2’. 
OD. = 

Again, to enable us to demonstrate the [latitudinal] positions for Mercury 
too, let there be drawn a figure [Fig. 13.4] similar to the one before the last, with 
arc E@ taken as the same size, 45°. Hence again 

BK = K® = 84;52° where hypotenuse BO = 120°. 
Therefore, where the radius of the epicycle,BO = 22;30°, 


*? Accurately, one finds 45;59° (to the nearest minute) with the inclination, and 46;0° without it. 
Ptolemy’s inaccuracy here is mysterious, since for the table of anomaly (XI 11), argument 135° at 
mean distance, he found (presumably by an identical computation) the better value 45;59°. 
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A 


Fig. 13.3 


and AB, the distance at which the greatest inclinations occur, is 56;40° (all of 
which we have previously demonstrated),** 
BK = K@ = 15;55? in the same units. 
Again, since by hypothesis the angle of the inclination of the epicycle, 
WP Pee | 6;15° where 4 right angles = 360° 
12;30°° where 2 right angles = 360°°, 
in the circle about right-angled triangle BKL, 
arc eK. = 12;30° 
and arc BL = 167;30° (supplement). 
So the corresponding chords 
= 13-4? 
er ee 2 et where hypotenuse BK = 120°. 
Therefore where BK, as we showed, is 15355”, 
and AB, by hypothesis, is 56;40°, 
Kole 44", 
BL = 15;49',” 


33 This last number is not, in fact, previously attested. However, Ptolemy must have computed 
the distances all the way round the orbit in order to construct the table of anomaly, and no doubt 
found this value by interpolation. Neugebauer (HAMA 221) found 56;37° from a cubic equation. 
However, from a computer program I find, for K = 93;1,41°, Kp = 90;0,0°, p = 56;43,9". 
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Fig. 13.4 


and, by subtraction [from AB], AL = 40;51° in the same units. 
And LM = K@ = 15;55?. 
H550 And since AL? + LM? = AM?, 
AM = 43;50? where line LM = 15;55°. 
Therefore, where hypotenuse AM = 120°, LM = 43;34?, 
and the angle of the equation in longitude, 
_ J 42;34°° where 2 right angles = 360°° 
aes ene where 4 right angles = 360°. 
Similarly, where AM = 43;50°, 
OM = KL = 1;44?; 
and AM? + OM? = A@?, 
so AO = 43;52? in the same units. 
Therefore, where hypotenuse A® = 120°, 
OM = 4;44°, 
and the angle of the deviation in latitude, 
_ J 4:32°° where 2 right angles = 360°° 
pees ae where 4 right angles = 360°. 
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That [2;16°] is what we shall enter in the third column of the table tor Mercury 
on the same line, namely that containing the argument ‘135°. 

In order again to make a comparison of the equation, let there be drawn [Fig. 
13.5] the figure without the inclination [of the epicycle]. Then we showed that, 
where line AB = 56;40°, 

OK = KB = 15:55", 
and, by subtraction, obviously, AK = 40;45° in the same units; 
and AK? + K@? = A@’, 
so A® = 43:45” where OK = 15:55". 


D 


A 


Fig. 13.5 


Therefore, where hypotenuse AO = 120°, OK = 43;39°, 
and the angle of the equation in longitude, ree 
42;40°° where 2 right angles = 360° 
ae) en where 4 right angles = 360°. 
But we showed that with the inclination it was 21;17°. 
Therefore here too the equation in longitude computed according to the 
inclination was less, by 3”. 
Q.E.D. 
Such, then, is the method by which we computed the positions in latitude at 
the greatest inclinations for these two planets. For the greatest inclinations 
occur when the eccentre is in the same plane as the ecliptic. For the remaining 3 
planets, however, we computed [those positions] by means of'a theorem which 
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requires a different diagram, since [for these] the greatest inclination of the 
epicycle occurs when the inclination of the eccentre is also at a maximum, and it 
would benefit us to have the positions in latitude resulting from both 
inclinations computed together. 

[See Fig. 13.6 and cf. Fig. T.] In the plane orthogonal to the ecliptic, again, 
let the intersection with it of the plane of the ecliptic be AB, the intersection of 
the plane of the eccentre AG, and the intersection of the plane of the epicycle 
DGE. Let A be taken as the centre of the ecliptic, and G as the centre of the 
epicycle, and let the epicycle DZEH be described about G in such a way, again, 
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that when lines are drawn perpendicular to DE, diameter ZGH lies in the plane 
of the eccentre and parallel to the plane of the ecliptic, while the other 
[perpendiculars] are parallel to both the above planes. Similarly, let arc E© be 
cut off in the same amount of 45°, and drop perpendicular @K from © (the 
point at which the planet is located), and also drop perpendicularsOL, KB from H553 
points © and K to the plane of the ecliptic. Join BL and AL. Then let the 
problem be, to find the equation in longitude, represented by Z BAL, and the 
position in latitude, represented by Z LAO. 

So draw perpendicular KM from K to AG, and join GO, AK and A®. Let us 
again take it as given, from what was proved before, that 

GK = KO = 84;52° where hypotenuse GO = 120°. 

Then first, for Saturn: 

Since we showed that the radius of the epicycle is 6;30° where the mean 
distance is 60°, 

GK = KO = 4;36° where hypotenuse GO = 6;30°. 
And since, by hypothesis, the angle of the inclination of the epicycle, 
4;30° where 4 right angles = 360° 
eee ee where 2 right angles = 360°, 
in the circle about right-angled triangle GKM, 
arc KM = 9° 
and arc GM = 171° (supplement). 
So the corresponding chords 
KM = _  9;25° 


and GM = ae where hypotenuse GK = 120°. 


Therefore, where GK = 4;36°, H554 
KM = 22° 
and GM = 4;35?. 


Now at the greatest inclination on the semi-circle containing the apogee, AG, 
representing the distance [when the epicycle is] near the beginning of Libra,** is 
computed, by means of the theorems which we went through before, in treating 
the anomalies, as 62;10° in the same units.*® Hence, by subtraction [of GM from 
AG], 
AM = 57;35° where line MK = 0;22?; 
hence hypotenuse AK [= \/ AM? + MK’*] = 57;35° in the same units. 
Therefore, where hypotenuse AK = 120°, KM = 0;46°, 
and Z KAM”*® = 0;44°° where 2 right angles = 360°°. 
But, by hypothesis, the angle of the inclination of the eccentre, 
2;30° where 4 right angles = 360° 
a -{ 5°° where 2 right angles = 360°°. 
Therefore, by addition, Z BAK = 5;44°° where 2 right angles = 360°°. 
Therefore, in the circle about right-angled triangle BAK, 
arc BK = 5;44° 
and arc AB = 174;16° (supplement). 


34Cf, XII 1 p. 598. ; é 

35 Accurately, 62;8,21” when the centre of the epicycle is at a true longitude of = 0° (the apogee 
being in m, 20°, cf. XIII 6 p. 635). - 

a6 eeaite KAM for KAM (misprint in Heiberg’s text) at H554,11. Corrected by Manitius. 
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So the corresponding chords 
BK = 6;0° 
and AB = 119;51° 
Therefore, where line AK = 57;35°, 
H555 Bhe= 2:55. 
AB = 57:31", 
and BL = KO = 4;36° [p. 613]. 
And since AB? + BL? = AL?, 
AL = 57;42° in the same units. 
Similarly, since LO = BK = 2;53° in the same units, 
and AL? + LO? = AO’, 
A® = 57;46°. 
Therefore, where hypotenuse A@ = 120°, OL = 5;59”, 
and the angle of the deviation in latitude, 
5;44°° where 2 right angles = 360°° 
aa bee where 4 right angles = 360°. 
That [2;52°] is what we shall enter in the third column of the table for Saturn 
opposite ‘135°. 
But at the greatest inclination on the semi-circle containing the perigee, since 
AG, representing the distance [when the epicycle is] near the beginning of 
Aries, is computed as 57;40°,”” 
where, as we demonstrated [p. 613], KM = 0;22? and GM = 4;35?, 
hence, by subtraction, AM = 53;5°. 
And hypotenuse AK = 53;5” in the same units, since it is negligibly 
greater than line AM. 
Therefore, where hypotenuse AK = 120°, 
KM = 0;50°, 
H556 and Z KAM = 0;48°° where 2 right angles = 360°. 
But, by hypothesis, Z BAG = 5°° in the same units. 
So, by addition, Z BAK = 5;48°° where 2 right angles = 360°°. 
Therefore, in the circle about right-angled triangle BAK, 
arc BK = 5;48° 
and arc AB = 174;12° (supplement). 
So the corresponding chords 
BK = 6;4? 
and AB = 119;51? 
Therefore, where line AK = 53;5°, 
BKo= 2:41" 
and AB = 53.1. 
And since AB* + BL? = AL’, 
and BL was shown to be 4;36° in the same units, 
AL = 53;13" in the same units. 


} where hypotenuse AK = 120°. 


i where hypotenuse AK = 120?. 


*7 Accurately, 57;44,48° when the centre of the epicycle is at a true longitude of 0°. Precisely 
opposite a distance of p = 62;10° is the distance (63;25 x 56;35/62;10 =) 57:43". It is obvious that 
Ptolemy has rounded to the nearest convenient number, whatever method of computation he used. 
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Therefore, where hypotenuse AL = 120°, BL = 10;23°, 
and the angle of the equation in longitude, 
PBAL < ee where 2 right angles = 360°° 
4;58° where 4 right angles = 360°. 
Again, where line AL = 53;13°, 
Ob =KB=24t, 
and AL? + OL? = AO’, 
so AO = 53;17?. 
Therefore where hypotenuse A© = 120°, OL = 6;3?, 
and the angle of the deviation in latitude, 
_ } 5;46°° where 2 right angles = 360°° 
or oe where 4 right angles = 360°. 
That [2;53°] is what we shall enter in the fourth column of the table opposite 
aB3"". 

Then in order to compare the equations in longitude for the inclination 
nearer the perigee, let the diagram with no inclination be drawn again [Fig. 
13.7]. Then, where the distance at that point, 

AG = 57;40', 
GK (= K@) is given as 4;36°; 
and, by subtraction, AK = 53;4° in the same units; 
but AK? + K@? = A@?, 
so A@ = 53;16°. 


D 


Fig. 13.7 
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Therefore, where hypotenuse AO = 120°, KO = 10;22?, 
and the angle of the equation in longitude, 
H558 / @AK = O54°° where 2 right angles = 360°° 
4;57° where 4 right angles = 360°. 
But when the inclinations [of eccentre and epicycle] were taken into account it 
was shown to be 4;58°. So the equation in longitude computed according to 
both inclinations was 1’ greater. 
© ESD: 
Let there again be drawn [Fig. 13.8], first, the diagram for the inclinations, 
representing the ratios established for Jupiter. 
Hence, where the radius of the epicycle, GO = 11;30°, 
GK (= KO) is computed as [84;52 x 11;30/120 =] 8;8”. 


A 


Pig 13e8 


Then, since the angle of the inclination of the epicycle, 


Ree ol where 4 right angles = 360° 
5°° where 2 right angles = 360°°, 
in the circle about right-angled triangle GKM, 
arc KM = 5° 
H559 and arc GM = 175° (supplement). 
So the corresponding chords 


KM = 5:14? 
and GM = 119;53° where hypotenuse GK = 120°. 
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Therefore, where line GK = 8;8°, 
and AG, the distance near the beginning of Libra, is 62:307 78 
iM = 0;21", 
GM = 8;8?, 
and, by subtraction, MA = 54;22°. 
Hence hypotenuse AK, being negligibly greater than MA, is 54;22? in the same 
units. 
Therefore, where hypotenuse AK = 120°, KM = 0;46?, 
and Z KAM = 0;44°° where 2 right angles = 360°. 
But, by hypothesis, the angle of the inclination of the eccentre, 
1;30° where 4 right angles = 360°°. 
ae = { 3°° where 2 right aa = 00”. 
Therefore, by addition, Z BAK = 3;44°° where 2 right angles = 360°. 
Therefore, in the circle about right-angled triangle BAK, 
arc KB = 3;44° 
and arc AB = 176;16° (supplement). 
So the corresponding chords 
= ‘ p 
ae es _ ee where hypotenuse AK = 120°. 
Therefore, where line AK = 54;22°, 
KB = Ite: 
and AB = 54;20°. 
And, from what was demonstrated previously, BL = 8;8° in the same units. 
And since AB? + BL? = AL?, 
AL = 54;56° in the same units. 
Similarly, since LO [= KB] = 1;46° in the same units, 
and AL? + L@? = A’, 
AO = 54,58" in the same units. 
Hence, where hypotenuse A© = 120°, LO = 3;52°, 
and the angle of the deviation in latitude, 
3;42°° where 2 right angles = 360°° 
Cie: { 1;51° where 4 right angles = 360°. 
That [1;51°] is what we shall enter in the third column of the table for Jupiter 
opposite ‘135°. 

In the same way, AG, when it represents the distance at the beginning of 
Aries, is computed as 57;30°,°? where, as we demonstrated, KM = 0;21° and 
GM = 8;8°; 
hence, by subtraction, AM(= AK which is negligibly greater) is 49;22° in the 
same units. 

Therefore, where hypotenuse AK = 120°, KM = 0;51?, 

and Z KAM = 0;49°° where 2 right angles = 360°°. 


38 Accurately, 62;34,36° when the centre of the epicycle is at a true longitude of = 0° (the apogee 
being in mp 10°, cf. XIII 6 p. 635). 

oA copa 57;24,31". The values of Ptolemy for both distances (cf. n.38) would fit better an 
elongation from the apogee of -243° and (180° - 24°), rather than the -20° which he specifies 
in XIII6. But ifone were to take the precise position of the apogee in his time, m 11°, this would give 
~19° with even worse agreement with the text. 
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Therefore, by addition, Z BAK [= Z KAM + 3°°] = 3;49°° in the same 


units. 
Therefore, in the circle about right-angled triangle AKB, 
arc KB = 3;49° 
and arc AB = 176;11° (supplement). 
H561 So the corresponding chords 
= -4.5G)) = 
a . 3 ee where hypotenuse AK = 120°. 
Therefore, where line AK = 49;22?, 
KB = 13507 
and AB = 49;20°. 
Hence, since BL = 8;8? in the same units, 
and-AB? + BL oN, 
AL = 50;0° in the same units. 
Therefore, where hypotenuse AL = 120°, BL = 19;31?, 
and the angle of the equation in longitude, 
/ RAL = | 18;44°° where 2 right angles = 360°° 
9;22° where 4 right angles = 360°. 
Again, where line AL = 50;0°, 
@L [= KB] = 1;39°, 
and AL? + OL? = A@?, 
: so AO = 50;2°. 
Therefore, where hypotenuse AO = 120°, LO = 3;57°, 
and the angle of the deviation in latitude, 
3;46°° where 2 right angles = 360°° 
1;53° where 4 right angles = 360°. 
That [1;53°] is what we shall enter in the fourth column of the table opposite the 
same “135°. 
In order to compare the equations in longitude, let the diagram with no 
inclinations be drawn again [Fig. 13.9]. Then at the distance in question, 
where OK = GK = 8;8°, 
H562 the whole line AG = 57;30?, 
and, by subtraction, AK = 49;22° in the same units. 
But AK? + K@? = AO’, 
so A® = 50;2? in the same units. 
Therefore, where hypotenuse A® = 120°, OK = 19;30°, 
and the angle of the equation in longitude, 
_ J 18;42°° where 2 right angles = 360°° 
= -{ 9;21° where 4 right angles = 360°. 
And when the inclinations were taken into account it was shown to be 9;22°. So 
the equation in longitude computed according to both inclinations was, again, 
greater by only a single minute.) 


Z@AL =4 


Q.E.D. 

Next, to determine the quantities for Mars, let there be drawn, first, the 
diagram for the inclinations [Fig. 13.10], and let GK (= KO) be computed as 
[84;52 x 39;30/120 =] 27;56°, where the radius of the epicycle, GO = 39;30°. 
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D 


A 


Fig. 13.9 


Then, since the angle of the inclination of the epicycle, 
/ AGE = ee where 4 right angles = 360° H563 
4;30°° where 2 right angles = 360°°, 
in the circle about right-angled triangle GMK, 
arc KM = 4;30° 
and arc GM = 175;30° (supplement). 
So the corresponding chords 
A p 
tea oe i agen where hypotenuse GK = 120°. 
Therefore, where line GK = 27;56°, 
and AG, the greatest distance, is 66°,*° 
KM = 156° 
and GM = 27;54?, 
and, by subtraction, AM = 38;6°. 
Hence hypotenuse AK [= VAM? + KM?’] = 38;7° in the same units. 
Therefore, where hypotenuse AK = 120°, 


KM = 3:22’, 
and Z KAM = 3;19°° where 2 right angles = 360°°. 
But, by hypothesis, the angle of the eccentre’s inclination, H564 


*9T_e. the northpoint is taken as coinciding with the apogee, both being placed in the (rounded) 


fo) WE. 
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Fig. 13.10 
_ J 1° where 4 right angles = 360° 
miei Be where 2 right angles = 360°°. 


Therefore, by addition, Z BAK = 5;19°° where 2 right angles = 360°°. 
So, in the circle about right-angled triangle BAK, 
are IKB = 5:19" 
and arc AB = 174;41° (complement). 
So the corresponding chords 
BK = (2534? 
and AB = 119;52? 
Therefore, where line AK = 38;7°, 
KB = 1;46° 
and AB = 38;5?. 
But line BL [= KO = GK] = 27;56° in the same units. 
And, since AB? + BL? = AL’, 
AL = 47;14% 
Similarly, since OL = 1;46° in the same units, 
and AL? + LO? = AQ’, 
A© = 47;16° in the same units. 
Therefore, where hypotenuse A© = 120°, OL = 4;29°, 
and the angle of the deviation in latitude, 
_ J 4;18°° where 2 right angles = 360° 
ee he where 4 right angles = 360°. 


} where hypotenuse AK = 120?. 
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That [2;9°] is what we shall enter in the third column of the table for Mars 
opposite ‘135°. 

In the same way, for the inclinations at least distance: 

AG = 54° where, as was shown, 
KM = 1;6° H565 
and GM = 27;54?, 
Thus, by subtraction, AM = 26;6°, 
and hypotenuse AK [= \/ KM? + AM?] = 26;7° in the same units. 
Therefore, where hypotenuse AK = 120°, KM = 5;3?, 
and Z KAM = 4;49°° where 2 right angles = 360°. 
Hence, by addition, Z BAK = 6;49°° in the same units. 
Therefore, in the circle about right-angled triangle ABK, 
arc BK = 6;49° 
and arc AB = 173;11° (supplement). 
So the corresponding chords 
BK = _ 7:8? 
and AB = 119;47 
Therefore, where line AK = 26;7°, 
BK = 1;33° 
and AB = 26;4?. 
And line BL is, again, 27;56" in the same units. 
And, since AB? + BL? = AL?, 
a Ee he Wage 
Therefore, where hypotenuse AL = 120°, BL = 87;45?, 
and the angle of the equation in longitude, 
De Cas where 2 right angles = 360°° 
47° where 4 right angles = 360°. 
Similarly, where line AL = 38;12?, LO [= BK] = 1;33°, 
and AL? + LO? = A®?, 
so A@ = 38;14°. 
Therefore, where hypotenuse A@ = 120°, LO = 4;52°, H566 
and the angle of the deviation in latitude, 
4;40°° where 2 right angles = 360°° 
aad 2;20° where 4 right angles = 360°. 
That [2;20°] is what we shall enter in the fourth column of the table opposite the 
same 135°". 

Again, if, in order to compare the equations in longitude, we set out the 
diagram without the inclinations [Fig. 13.11], at the least distance (where the 
difference must necessarily become most noticeable), 

AGIGRA(= KO) 2054 : 27:56: 
hence, by subtraction, AK = 26;4?, 
and hypotenuse A® [=/ AK? + K©?] = 38;12° in the same units. 
Hence, where hypotenuse A® = 120°, 
OK = 87;45° again [as BL in the previous computation], 
and the angle of the equation in longitude, 
94°° where 2 right angles = 360°° 
anne 47° where 4 right angles = 360°. 


+ where hypotenuse AK = 120°. 
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But that is the same size as was demonstrated by means of the calculations 
including the inclinations. Therefore the equation in longitude for Mars 
computed according to the inclinations of the circles [of epicycle and eccentre] 
did not differ at all. 
OED: 
The fourth column in the two tables for Venus and Mercury will contain the 
positions in latitude produced by the greatest slants of their epicycles, which 
occur at the apogee and perigee of the eccentre. However, we have computed 
these separately, without the eflect due to the inclination of the eccentre, since 
that would have required a greater number of tables and a more complicated 
method of calculation [from the tables]: for the [corresponding latitudinal] 
positions as morning-star and evening-star are not going to be equal to each 
other, and not even always on the same side [1.e. north or south] of the ecliptic; 
and in any case, since the inclination of the eccentre is not constant, the 
differences in the amount to be diminished with respect to the greatest 
inclination [of the epicycle] would not correspond to the differences in the 
amount to be diminished with respect to the greatest slant.1! However, if we 
separate the eflects, we can determine each element in a more convenient way, 
as will become clear from the actual procedure which we shall adduce. 


*' Ptolemy means that one could not use a single coefficient column (c; in HAMA) to compute the 
diminution with respect to maximum of both inclination and slant as a function of the planet’s 
position on the epicycle. 
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Let AB [see Fig. 13.12] be the intersection of the planes of the ecliptic and the 
epicycle. Let point A be taken as the centre of the ecliptic, and Bas the centre of 
the epicycle, and let the epicycle GDEZH be described about it slanted to the 
plane of the ecliptic,** i.e. so that straight lines drawn in the [two planes] 
perpendicular to the common section GH all form equal angles at the points on 
GH. Draw AE tangent to the epicycle, and AZD intersecting the epicycle at an 
arbitrary point, and drop from points D, E and Z perpendiculars DO, EK and 
ZL to GH, and perpendiculars DM, EN and ZX to the plane of the ecliptic. Join H569 
OM, KN, LX, and also AN and AXM (for AXM will bea straight line, since 
the three points [A, X, M all] lie in two planes, the plane of the ecliptic and the 
plane through AZD perpendicular to the ecliptic. 


A 


Bigs 13.12 


It is obvious that, with the slant as depicted, the equations in longitude of the 
planet [at D and E respectively] will be represented by anglesOAM and KAN, 
and the [positions] in latitude by angles DAM and EAN. We must demonstrate, 
first, that the position in latitude at the tangent point, Z EAN, is the maximum, 
just as the equation in longitude [is maximum at that point]. 


*2See Fig. U for a redrawing of this three-dimensional figure. Note that Ptolemy’s figure is an 
artificial one, since when the intersection of the planes of ecliptic and epicycle passes through the 
centre of the epicycle, the ‘slant’ is zero. But it is justified by the ‘separation of the effects’. 
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Pica 


[Proof:] Since Z EAK is the maximum, 
KE:EA- OD DA UZ 74, 
But EK:EN = @D:DM = LZ:ZX, 
for, as we said, the triangles formed by them [EKN, DOM and ZLX] have 
equal angles [at GH] and right angles at M, N and X. 
 NEEA >MBiDA= XZ:Z74, 
And, again, the angles DMA, ENA and ZXA are right. 
Therefore Z EAN >Z DAM, and hence, obviously, 
Z EAN is greater than any angle so formed. 

It is immediately obvious that, when one considers the effect on the equations 
in longitude caused by the slant, the maximum difference is produced at the 
greatest deviations in latitude at E. For the differences [in the equation caused by 
the slant] are represented by the angles subtended by (OD — OM), (KE - KN) 
and (LZ - LX) [when the planet is at D, E and Z respectively], and since the 
ratios of these lines [OD:OM etc.] to each other and to the difference between 
them [(O@D - ©M) etc.] remains the same, it follows that 

(EK - KN): EA >(@D - OM): AD, etc.* 
And it is also immediately clear that, whatever the ratio between the greatest 
equation in longitude and the greatest deviation in latitude [due to the slant], 
that ratio holds between the equation in longitude for any position [of the 
planet] on the epicycle and the [corresponding] position in latitude. 


* Ptolemy’s argument here is fallacious, as pointed out by Pedersen 382. He seems to have been 
misled by his figure, which substitutes straight lines for arcs. 
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For KE:EN = LZ:ZX = ©D:DM, 
and so on for the other points [on the epicycle].** 


Q.E.D. 


Having established these preliminary points, let us first examine the size of 


the angle which is contained by the slant of the planes for each of the two 
planets. We take for granted what was noted at the beginning [of the discussion, 
p. 601], that both planets, when halfway between greatest and least distances, 
display a maximum difference [in latitude] between opposite positions on the 
epicycle of 5° to north or south: for Venus appears to [so] vary by slightly more 
than 5° at perigee and slightly less than 5° at apogee, while Mercury varies by 
about 3° [more and less than 5° at 180° from apogee and apogee respectively]. 

So let [Fig. 13.13] ABG again be the intersection of ecliptic and epicycle. 
Describe the epicycle GDE about centre B, slanting to the plane of the ecliptic® 
in the way described. From A, the centre of the ecliptic, draw AD tangent to the 
epicycle, and from D drop perpendicular DZ on to GBE, and perpendicular 
DH on to the plane of the ecliptic. Join BD, ZH and AH, and let Z DAH be 
taken as comprising half the above deviation in latitude for each of the two 


G 


A 


Fig. 13.13 


44 This too is fallacious, since Ptolemy has substituted, chords for arcs (in modern terminology, has 
treated a relationship between the sines of angles asa relationship between the angles). See Pedersen 
380-1. However, if one treats it as an approximation, it isa very reasonable one: see my remark on 
Pedersen, Toomer [3] 145. 

| Ciypace2om:42: 
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H572 planets (thus it is 93°). Let our problem be, to find for each the amount of the 
slant between the planes, namely the size of Z DZH. 

For Venus, since, where the radius of the epicycle is 43;10°, the greatest 
distance is 61;15", the least 58;45", and the mean between them 60°, 

AB:BD = 60 : 43;10. 
And since AB? — BD? = AD*, 
AD = 41;40° in the same units.:. 
Similarly, since BA:AD = BD:DZ, 
DZ = 29;58" in the same units. 
Furthermore, since, by hypothesis, 
2;30° where 4 right angles = 360° 
EDeu -{ 5°° where 2 right angles = 360°°, 
in the circle about right-angled triangle ADH, 
H573 arc 1ORle=is- 
and the corresponding chord DH = 5;14° where hypotenuse AD = 120°. 
Therefore, where line AD = 41;40°, DH = 1;50°. 
And DZ was shown to be 29;58? in the same units. 
Therefore, where hypotenuse DZ = 120°, DH =7;20?, 
and the angle of the slant, 
7°° where 2 right angles = 360°° 
ee { 3;30° where 4 right angles = 360°.*° 
But since the amount by which Z DAZ exceeds Z HAZ represents the resulting 
difference in the equation in longitude, we must immediately compute this too, 
by finding the amounts of these angles. For we showed that, where line 
DH = 1;50°, hypotenuse AD = 41;40° and DZ = 29;58?; 
and AD? - DH? = AH? 
while ZD? — DH? = HZ’; 
so-AH@= 41:37" 
and HZ = 29;55° in the same units. 
Therefore, where hypotenuse AH = 120°, ZH = 86;16°, 
91;56°° where 2 right angles = 360°° 
eee 45:58° where 4 i ae =So0. 
H574 Similarly, since DZ = 86;18° where hypotenuse AD = 120°, 
/ DAZ = | ieee where 2 right angles = 360°° 
45;59° where 4 right angles = 360°. 
Thus the equation in longitude computed according to the slant was less by one 
minute. 

For Mercury [see Fig. 13.14], where the radius of the epicycle is 22;30°, the 
greatest distance, as we demonstrated, is 69°, and the distance diametrically 
opposite to that 57°; the mean between these two is calculated as 63° in the same 
units. 


& 


So AB? BD = 63:222.30) 
And since AB? - DB? = AD?, 
AD =58:51", 


* This neat result is achieved only by some devious rounding: computing accurately one finds 


3:285°, 
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Similarly, since AB: AD = BD:DZ, 
DZ = 21;1° in the same units. 
Again, since, by hypothesis, 


2 DAH — 5°° where 2 right angles = 360°°, H575 
in the circle about right-angled triangle ADH, 
aide IDJol = OB, 


and the corresponding chord DH = 5;14° where hypotenuse AD = 120°. 
Therefore, where line AD = 58;51°, DH = 2;34?. 
But we showed that DZ = 21;1° in the same units. 
. Therefore, where hypotenuse DZ = 120°, DH = 14,;40?, 


and the angle of the slant, 
14°° where 2 right angles = 360°° 
as -{ 7° where 4 right angles = 360°’. 
In the same way [as for Venus], in order to compare the angles of the equation 
[in longitude]: 
again, where DH = 2;34”, we showed that 
hypotenuse AD = 58;51? and DZ = 2151. 
And DA? - DH? = AH?, 
DZ? = WH: = AZ, 
so AH = 58;47° 
and ZH = 20;53° in the same units. 


#7 Accurately, 731°. 
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Therefore, where hypotenuse AH = 120°, HZ = 42;38°, 
41;38°° where 2 right angles = 360°° 
ees ae where 4 et pe = Jou; 
In the same way, where hypotenuse AD = 120”, DZ is calculated as 42;50°, 
H576 41;50°° where 2 right angles = 360°° 
and See (oe where 4 ae ie = O0e. 
So in this case the equation in longitude due to the slant, was less by 6’.*8 
OD 
Next let us examine whether, if we take the above amounts of the slant as 
given, we find the greatest latitudes at the greatest and least distances [derived 
from them] to agree with those derived from our observations. In the same 
figure [Fig. 13.15], let us now take as basis the greatest distance of Venus, i.e. 


G 


A 


Fig. 13.15 


AB BD = Gli 43,10; 
Hence, since AB? - BD? = AD?, 
AD = 43;27°. 
But AB:AD = BD:DZ. 
So DZ = 30;37° in the same units. 
Again, since, by hypothesis, the angle of the slant, 
| OT £ DZH = 7° where 2 right angles = 360° 


*’Ptolemy has fudged the calculations a little to get this result. Accurate computation gives 
Z ZAH = 41;33,58°°, Z DAZ = 41;50,50°°, with a difference of 0;16,52°°, or about 83’. 
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and [hence] DH = 7;20° where hypotenuse DZ = 120°, 
therefore, where line DZ = 30;37°, and AD = 43;27°, 


DH = ebb 
So where hypotenuse AD = 120°, 
Di = 5:9. 
and the greatest deviation in latitude, 
4;54°° where 2 right angles = 360°° 
Z DAH = . : 
ne where 4 right angles = 360°. 


But at the least distance, where the radius of the epicycle, 
BD 43510", 
AB is given as 58;45°. 
And AB? - DB? = AD?, 
so AD = 39;51” in the same units. 
Similarly, since AB: AD = BD:DZ, 
DZ = 29:17" in the same units. 
But DZ:DH is given as 120: 7;20. 
Therefore, where DZ = 29;17? and AD = 39;51?, 
= 1:47". 
Therefore, where hypotenuse AD = 120°, DH = 5;22?, 
and the greatest deviation in latitude, 
5;8°° where 2 right angles = 360°° 
ee ce where 4 right angles = 360°. 

Thus [the greatest latitude] differs from the 23° of [greatest] deviation in 
latitude assumed for the mean, being less at the apogee and greater at the 
perigee, but [in both cases] by an amount which is negligible to the senses; for at 
the greatest distance it was only three minutes less, and at the least distance four 
minutes more. Such [small differences] could not be at all easily detected from 
the observations. 

Next [see Fig. 13.16] let us take the greatest distance of Mercury as basis, 
namely 

AB:BD = 69 : 22;30. 
Hence, by the same procedure as above, 
AD [= \/ AB? - BD?] = 65;14?, 
and DZ [= AD x BD/AB] = 21;16° in the same units. 
But in this case the angle of slant, 
Z DZH is given as 14°° where 2 right angles = 360°°. 
Hence we have DH = 14;40°*? where hypotenuse DZ = 120°. 
Therefore, where line DZ = 21;16°, and AD = 65;14?, 
DH = 2;36°. 
Therefore, where hypotenuse AD = 120°, DH = 4;47°, 
and the greatest deviation in latitude, 
4;34°° where 2 right angles = 360°° 
eh we where 4 right angles = 360°. 


49 The chord of 14° (I 11) is 14;37,27°. But Ptolemy’s 14;40° is justified by p. 627, where the 7° of 
the slant ts derived from that value. 
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But at the least distance,? 
AB:BD is given as 57 : 22;30, 
and so, by the same procedure again, 
AD = 52;22? in the same units 
and DZ = 20:40". 
And the slant is the same as before, 
and hence ZD:DH is given as 120: 14;40, 
so where DZ = 20:40? and AD = 52;22°, 
DH 2202. 
Therefore, where hypotenuse AD = 120°, DH = 5;48°, 
5:32°° where 2 right angles = 360°° 
onde om where 4 see cui E o0Ue. 
Thus the dilference from the maximum deviation in latitude at the mean 
(which was taken as 23° here too) was 13’ in the negative direction at apogee 
and 16’ in the positive direction at perigee. To represent these, we shall use a 
H580 correction of {° with respect to the mean in the calculations [from the table], in 
accordance with the perceptible difference derived from the observations. 
Now that we have demonstrated the above, and also demonstrated that the 
ratio between the greatest equation in longitude and the greatest deviation in 


°° Ptolemy is speaking loosely here. 57° represents, not the least distance, (which is ¢, 55;34? at 
120° from apogee, IX 9 p. 460), but the distance at the point opposite the greatest distance, i.e. 
strictly analogous to the situation for Venus. Cf. the use of ‘perigee’ below. 
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latitude also holds good at other points on the epicycle for the ratio between the 
individual equations in longitude and the [corresponding] individual positions 
in latitude,°! we immediately have a convenient method for computing the 
positions in latitude due to the slant to be entered in the fourth column of the 
tables for Venus and Mercury. However, as we mentioned, these positions are 
based only on the slant of the epicycles at mean distance: the difference due to 
the inclination of the eccentres, and also the difference due to [the approach 
towards] apogee or perigee for Mercury, will be found by means ofa correction 
procedure in the computation [from the tables], for convenience of calculation. 

For, at the mean distances as set out above, the greatest deviation due to the 
slant was shown to be 2;30° on either side of the ecliptic for both planets; and the 
greatest equation in longitude is approximately 46° for Venus and 22° for 
Mercury; and we already have, set out in the tables for anomaly of these 
planets, the equations corresponding to the individual positions on the epicycle. 
So we form the ratios between the latter and the greatest equation, take the 
same proportion of 23°, separately for each planet, and enter the results in the 
fourth column of the tables of latitude opposite the corresponding arguments. 

We have produced the fifth column [in each table] in order to correct the 
positions in latitude for other positions [of the epicycle] on the eccentre, by using 
the sixtieths entered [in that column]. For since, as we said, the increase and 
decrease in the inclination and slant of the epicycle, through the action of the 
attached small circles, have a period precisely corresponding to the period of 
return on the eccentre, and since the amounts of all the inclinations and slants is 
not very different from that associated with the moon’s inclined orbit, and the 
individual deviations in latitude, for such small inclinations, are, again, almost 
proportional, and since we already have the corresponding entries for the moon 
computed geometrically, we multiplied each of the entries in that table by 12 
(because the maximum there ts about 5°, and here we are making the maximum 
60), and entered the results opposite the appropriate argument in the fifth 
column of each table. 

The layout of the tables is as follows. 


H581 


5. {Layout of the tables for the computations in latitude}*° H582-6 


[See pp. 632-4. ] 


°1 See p. 625 n.44. 

52 These numbers are simply rounded from the maxima in col. 6 of the tables of anomaly (X111), 
45:59° for Venus and 22;2° for Mercury. Heiberg mistakenly refers to XII 9, which gives nothing to 
compare, since it refers to true, not mean elongations. 

53 As Manitius (p. 428) notes, there are a number of entries in col. 5 (the ‘sixtieths’) which are 
derived, not from the corresponding values in col. 7 of the lunar table (V8), but from a value 1’ less. 
Most (those for 24°, 36°, 42°, 72°, 111°, 153°, 155°) are less accurate, but some (those for 12°, 78°, 
99°) are more accurate. Since there is no doubt that Ptolemy did, as he says, obtain the values in col. 
5 simply by multipying by 12, this may be a remnant of an earlier stage in the computation of the 
lunar table. 
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INCLINATIONS OF SATURN INCLINATIONS OF JUPITER 


Argument Argument 
[in Distance] Northern | Southern [in Distance] Northern | Southern 
from Apogee Limit Limit Sixtieths from Apogee Limit Limit Sixtieth 
6 354 la 1S 59 36 
12 348 1 1 58 36 
18 342 ) 1 57 1G 
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213 | 56 Ge) 50 12 

210 1 58 2) 10) 52) 30 

207 I (348) 2 il 93 12 
0 204 re (U) 2083 54 36 
l 201 Zl 2 24: 56 0 
2 198 Zee 20 57 70 
2 195 2eee 2G 57 48 
3 192 7 2a 58 36 
o 189 ars rae oo Miz 
» Gh 186 2aas. 2d 59 36 
4 183 re Gs rt 59 48 
5 180 204 ma te 60 0 
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INCLINATIONS OF MARS INCLINATIONS OF VENUS 


Argument Argument 
{in Distance] Northern | Southern {in Distance] 
from Apogee Limit Limit Sixtieths from Apogee Inclination 

6 354 0 4 59 36 1 0 

12 348 0 4 58 36 ] 0 16 58 36 
Lome 342 Om Bw ] 0 25 Syl {0 
2d 336 0 6 54 36 0 59 0 33 54 36 
30 330 07 52 0 0 57 0 41 520) 
36 324 One 48 24 36 0 55 0 49 48 24 
42 318 0 12 44 24 42 0 51 0 57 eed 
48 312 015 40 0 48 0 46 es 40 0 
BRS 306 0 18 SomlZ 54 0 41 Hw} se) J 
60 300 0 22 30 0 60 0 35 1 20 30 0 
66 294 0 26 24 24 66 294 0929) 1 28 24 24 
72 288 0 30 18 24 72 288 ye O23 He35 18 24 
78 0 36 0 16 Il Gee ee 
84 0 42 0 8 1 50 6 24 
90 0 49 0 0 1) 57 0 0 
93 0 52 0 2 

96 0 56 0 2 

99 261 il © 0 2 
102 258 1 6 lh 4 0 2 
105 255 1 10 1 8 0 2 
108 252 1 14 i ks 0 2 
11] 1 18 1 18 0 2 
114 1 23 a 0 2 
117 1 28 1 30 0 2 
120 1 ] 0 2 
123 1 1 I 2 
126 ] I 1 2 
129 1 2 1 28 2 
132 2 a 1 38 2 
135 2 2 1 48 2 
138 2 ze 1 2 
141 2 2 2 2 
144 me 2 2 2 
147 eZ 3 2 2 
150 Z sees o 2 
153 3 3 a 2 
156 3 4 3 2 
159 3 4 4 2 
162 3 4 4 1 
165 3 g) 4 ] 
168 4 oy i 5 1 
171 cs 6 2 5 1 
174 4 6 oy! 0 
177 4 18 6 6 0 
180 4 21 (a 180 6 22 0 0 60 0 
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INCLINATIONS OF MERCURY 


Argument 
[in Distance] 
from Apogee {Inclination 


NNN) NNN NNN] N= 


mnnnmlilwmnrmn|wrmnwl wenn 


— 


—_ 


— 


Hm Bm BP] CO OO OO] GO |] Oo OND] NNO PO] ND 


XIII 6. Computation of planetary latitudes from tables 635 


6. {Computation of the deviation in latitude for the 5 planets}*4 


Those [tables] thus established, we carry out the latitude computation for the 5 
planets as follows. 

For the 3 planets Saturn, Jupiter and Mars, we take the corrected longitude 
(for Mars just as it is, for Jupiter subtracting 20° and for Saturn adding 50°),*° 
and entering the argument [columns] of the appropriate table, find the sixtieths 
corresponding to it in the fifth column of the latitude, and write that down 
separately. Similarly, we enter the same argument {columns] with the corrected 
amount of the anomaly,” and take the difference in latitude corresponding to 
it, in the third column if the corrected longitude falls within the first 15 lines, but 
in the fourth column if it falls within the lines after [the 15th]. We multiply 
this by the sixtieths we wrote down, and the result will give us the amount by 
which the planet is north of the ecliptic, if we took the difference in latitude from 
the third column, or south of it, if we took it from the fourth. 

For Venus and Mercury we first enter with the corrected amount of the 
anomaly into the argument [columns] of the appropriate table, take the 
corresponding amounts in the third and fourth columns of the latitude, and 
write them down separately; we take them unchanged from all columns except 
the fourth column for Mercury, but for that, if the corrected longitude falls 
within the first 15 lines, we subtract a tenth part of the amount, whereas if the 
corrected longitude falls within the lines below [the 15th], we add a tenth 
part.’’ Then we add to the corrected longitude, for Venus always 90°, and for 
Mercury always 270°, subtract [the 360° of] a circle if it comes to that [i.e. to 
more than 360°], enter with the result into the same argument [columns], and 
take the corresponding number of sixtieths in the fifth column. We multiply the 
latter into the amount we wrote down from the third column, and set out the 
result. The direction of this will be: 

[A] if the longitude (with the addition as detailed above) falls within the first 15 
lines, and 
[1] the amount of the corrected anomaly falls within the first 15 lines: 
southerly 
[2] the anomaly falls within the lines following [the 15th]: northerly; 
[B] if the above-mentioned longitude falls within the lines below the 15, and 
[1] the amount of the above-mentioned anomaly falls within the first 15 
lines: northerly 
[2] the anomaly falls within the lines following [the 15th]: southerly. 
Next we again take the corrected longitude, just as it is for Venus, but with the 
addition of 180° for Mercury, enter with it into the same [columns of] 


54 See HAMA 219-20, 222-6, and Appendix A, Example 15. 

"5 The ‘corrected longitude’ means ‘the distance of the epicycle centre from apogee, as seen from 
the observer (i.e. corrected by the equation of centre)’. The amounts to he applied to it represent the 
(rounded) distance between apogee and northpoint of the inclined orbit. 

56} e. the true anomaly a, corrected for equation of centre. 

57 The ‘tenth part’ represents the ratio 4° : 22°. Cf. XIII 4 p. 630. 
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argument, take the sixtieths corresponding to this in the fifth column, multiply 
them into the amount we wrote down trom the fourth column, and set out the 
result. The direction of this will be: 
[A] ifthe longitude we entered with (as described above) falls within the first 15 

lines, and 

[1] the corrected anomaly is 180° or less: northerly 

[2] the anomaly is greater than 180°: southerly; 
[B] if the longitude falls within the lines below the 15, and 

[1] the anomaly is 180° or less: southerly 

[2] the anomaly is greater than 180°: northerly. 
Then we take these same sixtieths which were found by the second entry with 
the longitude, calculate the amount which is the same fraction of them as they 
are of 60, and, for Venus, take ath of this and set it out too, always with a 
northerly direction; but for Mercury we take 7 of the amount and set it out, 
always in a southerly direction.” 

Thus, by combining the 3 quantities set out, we determine the apparent 

position in latitude with respect to the ecliptic of these [two planets]. 


7. {On the first and last visibilities of the 5 planets}°? 


_ Now that we have dealt with the basic problem of the deviations in latitude of 


the 5 planets, there remains the supplementary topic of the requisite theorems 
for their first and last visibilities with respect to the sun. For, as we explained in 
the treatise on the fixed stars { VIII 6, p. 413], it turns out that their distances 
from the sun along the ecliptic are variously unequal, for both first and last 
visibilities, for a number of reasons: the first of these is due to the fact that they 
are of unequal size, the second due to the variation of the inclination of the 
ecliptic to the horizon, and the third due to their positions in latitude. 

For if we again imagine [see Fig. 13.17] segments of great circles, AB of the 
horizon, and GD of the ecliptic,” and take point E as their intersection at rising 
or setting, points G and A in the direction of south [i.e. the meridian], and 
point D as the sun’s centre, and we draw through D and the pole of the horizon 
another great circle segment DBZ, and suppose the planet to rise or set along the 
horizon AEB (when it is situated on the ecliptic, it will do so, obviously, at E; 
when it is north of the ecliptic, at H, and when it is south, at ©), and drop 
perpendiculars HK and OL on to the ecliptic from points H and ®, then we will 
again®’ have, in BD, an arc which is equal to the amount which the sun must 
always be below the earth in order for the same [given] planet to be first or last 
visible. For it is on a great circle so drawn [i.e. perpendicular to the horizon] 


°8 For an explanation of this procedure see HAMA 224. 

See HAMA 234-8, Pedersen 386-8, with the correction Toomer [3], 145. 

Reading K0KAov (with D,Ar) for peyiotov KOKAov (‘the great circle of the ecliptic’) at 
H490,18. Corrected by Manitius. 
*! Ger adds ‘and points © and H in the direction of south and north’, which makes good sense. 
** ‘again’ refers back to the similar situation with the fixed stars, VIII 6 p. 413. 
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Fig. 13.17 


that equal intervals below the earth must be taken in order for the identical 
obscuring effect of the sun’s rays to take place. 

First, then, this arc [BD] is, naturally, unequal for the various planets, which 
are unequal [in size], so, even if all other factors remain the same, the arc of the 
ecliptic subtending the right angle, i.e. the interval corresponding to ED, must 
vary, being, obviously, smaller for the larger planets, and greater for the smaller 
planets. 

Similarly, even if BD remains the same for the same [given] planet, but the 
angle of inclination of the ecliptic, BED, varies either because there is a different 
zodiacal sign [crossing the horizon] or [the latitude of] the location is different, 
the arc of the [sun’s] distance, ED, will again vary, and will become greater as 
the angle in question decreases and lesser as it increases. 

In the same way, even if we join to the above condition [of BD being constant] 
the further condition that the inclination remains the same, but the planet does 
not lie on the ecliptic, but is either north of it at H or south of it at ©, its first and 
last visibility will no longer take place at a distance [from the sun] of arc DE, but 
when it is north of the ecliptic, at the lesser distance DK, and when it is south, at 
the greater distance DEL. 

Therefore, for our investigations of the particular cases, it is essential that 
there first be given, for each of the 5 planets, the universally applicable size of 
the arc corresponding to BD, from the more reliable observations of the phases. 
These would be those made in summer, round about Cancer, since at that 
season the atmosphere ts thin and clear, and the inclination of the ecliptic to the 
horizon is symmetrical [at eastern and western horizons].° We find, then, by 
examining observations of [first] risings of this kind,” that near the beginning of 
Cancer, in general, 


63 This is Neugebauer’s interpretation of ‘symmetrical’ (HAMA 235), and it is confirmed by p. 
639, ‘when the beginning of Cancer is setting, it forms the same angle and inclination to the horizon 
as betore [at rising]’. 

64 For Saturn at least, these could hardly have been Ptolemy’s own observations, as the 
requirement of a longitude near & 0° takes us back to about the year 120, much earlier than any of 
Ptolemy’s quoted observations. This is confirmed by the references to the Babylonians. 
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Saturn rises [i.e. is first visible] at a distance from the true sun of 14° 

Jupiter at 124° 

Mars at 143° 

Venus as evening star at 53°, and 

Mercury as evening star at ie. 

With these data given, let the diagram of the preceding figure be drawn [Fig. 
13.18]. (For such small arcs it will make no difference if, for convenience’ sake, 
we substitute in our calculations the corresponding chords which are not 
sensibly different from them). Let point E be the intersection of ecliptic and 
horizon at the above-mentioned phases, at the beginning of Cancer, and rising 


fe 


Fig. 13.18 


for the 3 morning-star planets, Saturn, Jupiter and Mars, but, obviously, 
setting for the evening-stars, Venus and Mercury. Let us take as geographical 
latitude the parallel through Phoenicia, where the longest day is 144 hours, 
since it is mainly on this parallel or round about it that the majority and most 
reliable of the observations of the phases have been made, those of the 
Babylonians almost on it, and those in Greece and Egypt round about it.© 

Now we find, by means of the procedure for angles [between ecliptic and 
horizon] previously demonstrated [II 11], that when the beginning of Cancer is 
rising at the latitude in question, 

Z BED = 103°° where 2 right angles = 360°°, 
and hence the ratio of the sides about the right angle,®’ 
[BD: BE] * 94 : 75 where the hypotenuse [DE] = 120°. 


® According to the Geography Babylon has a latitude of 35° (which corresponds closely to the 
standard Babylonian daylight ratio M:m =3: 2). In fact its latitude is about 323°. The parallel with 
M = 14" (and @ = 33;18°) is halfway between the climata of Lower Egypt (14° and 30;22°) and 
Rhodes (14) and 36°). 

°° How Ptolemy got this angle remains mysterious: whether he used interpolation in the tables II 
13 (cf. HAMA 236) or direct computation, he should have found (in round numbers) 53° = 106°°. 
me the general problem of the angles between ecliptic and horizon in this chapter see HAMA 245- 
50. 

*’ The text has ‘right angles’, ‘hypotenuses’ etc. because it is true for each planet. 
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By means of the procedure for the [planetary] latitude, we find that (considering 
now just the 3 [outer] planets), when they [first] rise near the beginning of 
Cancer, that is, when they are near the apogee of the epicycle, then at any 
distance from the apogee not exceeding 73th [of the epicycle circumference], 
with no sensible error Saturn and Jupiter are practically on the ecliptic, while 
Mars is about s° north of the ecliptic. °° 

Therefore their distance from the sun along the ecliptic will be represented by 
DE for Saturn and Jupiter, and by DK for Mars, since it is north [of the ecliptic] 
by KH, of the amount 12’. 

And since KH: KE = 94: 75, 
KE~ 10’ in the same units. 

But DK is given for Mars as 145°, 

so, by addition, DE = 14;40°. 
And for Saturn it is 14° 
and for Jupiter 122°. 
So, since ED:DB = 120: 94, 
we get, approximately, for DB, the arc of the great circle drawn through the 
poles of the horizon, 
11° for Saturn 
10° for Jupiter 
and 113° for Mars. 

Similarly, for Venus and Mercury, when the beginning of Cancer is setting, it 
forms the same angle and inclination to the horizon as before; and we are 
given that, when these planets have their first visibility as evening-star in this 
part of the ecliptic, the distance of Venus from the true sun is 53°, while 
Mercury’s is 113°. Therefore at their [first] risings the true sun will have a 
longitude of 

TI 243° for Venus 
and LI 183° for Mercury, 
while the longitude of the mean sun will be about 
tl 2>° for Venus 
and I 19° for Mercury. 
Therefore the planets will have these positions in mean longitude. And when, 
with these [mean] longitudes, the planets have apparent positions at the 
beginning of Cancer, we find that their distances from the apogee are about 
14° for Venus 
and 32° for Mercury. 
(This kind of computation can be carried out by means of the theorems on their 
anomaly which we set out before).’° Accordingly, at these positions, we find 
that 


68 At apogee of the epicycle the planet is at mean conjunction. So Ptolemy is considering 
elongations from the mean sun of up to one zodiacal sign. 

69 See HAMA 235,237. - 

70 From the anomaly tables, XI 11, given, for Venus, 4 = 85°, & = 14° and the apogee in 8 25°, 
then K = 30°, leading to an equation of centre of 1;11°, soa = 15;11°, which leads to an equation of 
anomaly of +6;63°, so A = 85° — 1;11° + 6;63° = 89;563° ~ & 0°. For Mercury, with A = 79°, & = 32° 


and the apogee in = 10°, K=249°, leading to an equation of centre of 2;53°, soa =29;7°, which leads to 
an equation of anomaly of 8;16°, hence A = 79° + 2;53° + 8;16° = 90;9°= Zs 0°. 
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Fig. 13.19 


Venus is about !° north of the ecliptic, 
and Mercury about 14° north.7! 
These, obviously, are the amounts of KH [in Fig. 13.19]. 
So, since KH:EK = 94: 75, 


3 
and 94: 75~ oe 
, 13 2s, 
EK = 3° for Venus 


13° for Mercury. 
And in the same units, by hypothesis, the apparent distance of the planet from 
the sun, 
53° for Venus 
le for Mercury. 
H597 Therefore, by addition, DKE~4 105, eae 
So, since ED:BD is again 120 : 94, 
and that ratio is about the same as 65 : 5 
and 12é : 10, 
we get for DB, the size of the normal distance, 
5° for Venus 
and 10° for Mercury. 


DA 


Q.E.D. 


8. {That the peculiar characteristics of the phases of Venus and Mercury are also in 
accordance with the hypothesest” 


Furthermore, it is in accordance with the hypotheses detailed above that the 
strange characteristics of the first and last visibilities of Venus and Mercury take 


"For the calculations confirming this see HAMA 237-8. 
” See HAMA 239-42. There is a reference to this in Proclus, Hypotyposis 117 (ed. Manitius p. 10). 
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place: namely that, for Venus, the interval from evening setting to morning 
rising is about 2 days round about the beginning of Pisces, but about 16 days 
round about the beginning of Virgo; and, for the planet Mercury, the phases as 
evening-star are missing, when one would expect it to appear round about the 
beginning of Scorpius, and the phases as morning-star, when round about the 
beginning of Taurus. We can come to understand that as follows; and first for 
Venus. 

Let there be drawn a diagram [Fig. 13.20] similar to the preceding figure for 
the phases, and let point E represent, first, the point on the ecliptic at the 
beginning of Pisces (at this point Venus, when it is near the perigee of the 


G Z 
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Fig. 13.20 


epicycle, is about 63° north of the ecliptic).”’ Let the diagram represent the 
evening setting [i.e. last visibility as evening-star]. In this Z BED, at the 
terrestrial latitude in question, is calculated as 154°° where 2 right angles equal 
360°°. 4 

And [in the right-angled triangles BED, KEH], where the hypotenuse is 120°, 

the greater of the sides about the right angle, 

[BD or KH] 117°, 
and the lesser, [BE or KE] 27°. 
Hence, where the normal distance, DB = 5°, 


DEge 5;8°. 


® See HAMA 2339, and cf. XIII 3 p. 602; when Venus is in the node and near the perigee of the 
epicycle its latitude is 63°. Since Venus’ apogee is taken as 8 25°, for a position of 3€ 0° it is 275° 
from apogee or 5° from the node. 

On the angles between ecliptic and horizon given by Ptolemy see HAMA 245-50. The 
(rounded) value here, 77°, can be found trom the tables II 13, taking the values for } 0° at Clima HI 
and Clima IV, 10:5° and 15;53°, taking the mean, 12;59°, and taking its complement, 77;1°. The 
other values given by Ptolemy, however, cannot be so derived. 
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But since the planet is 63° north of the ecliptic (which amount is represented by 
arc KH), 
and the ratio 117 : 2763 : 13, 
ies 
and, by subtraction, KD, which represents the distance of the planet towards 
the rear from the sun at its evening setting, 1s 
[538 — 1330 =| 3:38". 


id 
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Fig. 13.21 


Again, on the similar diagram [Fig. 13.21], since at the morning rising [1.e. at 

the planet’s first visibility as morning-star] 
Z BED = 69°° where 2 right angles = 360°°, 
and hence, where the hypotenuse [of the right-angled triangles] is 120°, 
the lesser of the sides about the right angle, [BD or KH] ~ 68°, 
and the greater, [BE or KE] ~ 99°; 
and we calculate that 68 : 120 = 5 : 8;49 
and that 68: 99 = 63 : 9;13, 
so we get DE = 8;49° in the same units, 
and the difference [in longitude] due to the latitude, 
KE = 9:57 

and, by subtraction, DK, [the planet’s distance] from the sun, towards the rear 
(obviously), 1s 0;24°. 
And at its evening setting its distance, likewise towards the rear, was 3;38°. 
Therefore during the interval from evening setting to morning rising it has 
moved a distance which is less than the sun’s motion (that is, approximately,” 
its own motion in [mean] longitude) by 3;14°, which is due to its motion in 
advance on the epicycle. Now it is easy to determine from the table of anomaly 
that a motion in advance of that amount [3;14°] is produced by a motion on the 
epicycle near its perigee of 1 4°:’° and the planet traverses 14° in mean motion [in 


” ‘approximately’, because the sun’s motion is that of the true sun, while the planet’s mean 
motion in longitude is equal to that of the mean sun. 

’°From the table of anomaly, XI 11, Venus has an equation of anomaly of 7;38° for a = 177° 
(Et = Sep hence to 3;14° corresponds 3. 14 x 3/7;38= 1;16,14° = 14°. Similarly, (below pp. 643-4), 
for a = 1723° we find an equation of 18;1° (text 18;2°), one for @ = 177° an equation of 6;21° (text 
6;38°). 
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anomaly] in about 2 days. Hence it is clear that that [2 days] is the period of the 
above interval, in agreement with the phenomena. 

Again, on the similar diagram [Fig. 13.22], let point E be taken as the 
beginning of Virgo (at this point, when Venus is at the perigee of the epicycle, it 
is south of the ecliptic by about the same amount, 63°).”” Let us consider, first, 
the evening setting, when 

Z BED = 69°° where 2 right angles = 360°. 


Z 
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Thus where the hypotenuse [of right-angled triangle BED] is 120°, 
the lesser of the sides about the right angle, [BD] ~ 68°, 
and the greater, [BE] ~ 99°. 
Thus since the ratios [of BD:BE:DE] are the same as for the morning rising in 
Pisces, and the difference due to the latitude is equal [to its amount there], we 
get 
anc’ 1D) =)8:497. 
the difference [in longitude] due to the latitude, LE = 9;13°, 
and, by addition, DL, the planet’s distance from the sun towards the rear, is 
1852". 
From the table of anomaly, as mentioned before, [the motion in anomaly] near 
the perigee of the epicycle corresponding to that amount [18;2°] of retro- 
gradation with respect to the mean motion in longitude of sun and planet is 
about 73° 
Similarly, at the morning rising at the beginning of Virgo, when 
Z BED = 154°° where 2 right angles = 360°°, 
and [hence], where the hypotenuse [of right-angled triangle BED] is 120°, 
the greater of the sides about the right angle, [BD] = 117°, 
and the lesser, [BE] = 27°; 
and one again finds the same ratios as those set out for the evening setting in 
Pisces, so we get 
IDs = Dea, 
Cf. p. 641 n.73. 
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the difference [in longitude] due to the latitude, EL = 1;30°, 
and, by addition, DL, the planet’s distance from the sun in advance, is 6;38°. ‘To 
this amount corresponds, in the same way as above, about 23° of [motion in 
anomaly] near the perigee of the epicycle. 

Therefore the total amount of motion on the epicycle which the planet Venus 
will perform from evening setting to morning rising is 10°; and it traverses that 
amount in about 16 days, which, as stated above, is the arnount agreeing with 
the phenomena. 

Having demonstrated the above, we must apply our theory to the facts 
concerning the missing phases of Mercury,’® and [show], first, that at the 
beginning of Scorpius, even if it reaches its greatest elongation towards the rear 
from the sun,’? it cannot become visible as evening-star. 
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Fig, 13.23 


[Proof:] Let the diagram for the phases [Fig. 13.23] be drawn, with point E 
taken as the point on the ecliptic at the beginning of Scorpius at a [terrestrial 
latitude] such that at setting 
Z BED = 69°° where 2 right angles = 360°°, 
and [thus] where the hypotenuse [of right-angled triangle BED] is 120°, 
the lesser of the sides about the right angle, [BD] = 68°, 
and the greater, [BE] = 99°. 
Therefore where the amount of the normal distance, BD = 10°, 
DE ehks30 
But when the planet is in the above situation, it is about 3° south of the ecliptic.®° 
So, according to the above ratios, 
where LO, the amount of the latitude, is 3°, 
Li= epee. 
and, by addition, DEL [= 17;39° + 4;22°] = 22°. 
A similar phrase is used of Mercury as early as Aristotle (Meteorologica 342b34) 514 yap tO 
pikpov énavaBaivetv moAAGc EkAeiner PaoEts ‘because it rises only a little above [the horizon] it 
misses many phases (appearances). 


”? At XII 9 Ptolemy has calculated the maximum elongations for Mercury at m,0° and § 0°, in 
preparation, as he says (p. 591) for this problem. 
®° For a computation of this see HAMA 241 n.11. 
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Hence the planet must have that elongation [22°] from the true sun in order to 
have its first visibility. But since its maximum elongation from the true sun when 
it is at the beginning of Scorpius is only 20;58°, as we demonstrated previously 
[ XII 9, p. 594] in our treatment of the greatest elongations, it is obvious that it is 
natural for phases of this kind to be missing. 

Again, if we set out the same diagram for the phases [Fig. 13.24] and take 
point E as the beginning of Taurus at morning rising, when the planet, in 
accordance with the positions in question, is about 3é° south of the ecliptic,®! 
and the ratios of the sides [of triangles BED, LE@] about the right angles are the 
same as those above, 

then DE = 17;39° 

and, where the latitude OL = 3;10°, 
ICE = aia 

Thus, by addition, DEL = 22;16°. 
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Thus here too the planet must have an elongation of that amount [22;16°] from 
the true sun in order to have its first visibility. But since its maximum elongation 
[in this situation] does not exceed 22;13°, as we demonstrated previously [p. 
595], naturally, this kind of phase too is missing. Thus we have shown that the 
facts in question are in agreement with the hypotheses we set out as well as with 
the phenomena. 


9. {Method of determining the individual elongations from the sun of the first and last 
+ ep epee yee 


It is immediately obvious [see Fig. 13.25] that if we take as fixed, for each planet, 
the normal arc [arcus visionis] BD, and are given the beginning of [each of] the 
[zodiacal] signs at the intersection E, and hence angle BED, there will also be 
given DE and the position in latitude of the planet at that elongation [i.e. DE], 


81See HAMA 241 n.11. 
82 See HAMA 242-56. 
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namely KH or OL; thence will be given KE or EL [respectively], and also the 
[corresponding] apparent distance, DK or DL. In this way, (to avoid 
lengthening our discussion), we computed, for all the signs and for each of the 5 
planets, but for only one [terrestrial latitude], the intermediate parallel used 
above, since that is sufficient in itself, the apparent distance from the true sun of 


the risings and settings [i.e. first and last visibilities], on the assumption that the 
& 


planets themselves were located at the beginning of the signs. We have set these 
out below, putting them, too, for the user’s convenience, in 5 tables, [one] for 
[each of] the 5 planets, each containing 12 lines. The first 3 tables, for Saturn, 
Jupiter and Mars, are arranged in 3 columns: the first column contains the 
beginnings of the signs, the second the elongations at morning rising, and the 
third those at evening setting. The next 2 tables, for Venus and Mercury, are 
arranged in 5 columns: the first, as before, contains the beginnings of the signs. 
the second the elongations at evening rising, the third those at evening setting, 
and the fourth, again, those at morning rising, and the fifth those at morning 
setting. The layout of the tables is as follows. 


10. {Layout of the tables containing the first and last visibilities of the 5 planets}®° 


[See p. 647.] 


8° The basis of computation of these tables is in part unclear (see HAMA 242-56), hence I have not 
been able to recompute them to check the numbers. However, from Neugebauer’s computations, 
the following corrections to Heiberg have been made: 
H606.6 Saturn, Morning Rising, Aries, Ky A (with DK, Is) for ky a (23;1°) (HAMA 248, n.11). 
H606,7 Mars, Morning Rising, Taurus, « t¢ (with DHKL) for k n (20;8°) (HAMA 248 n. 9 suggests 
PADI ()9)) 
See also HAMA 255 for a suggestion to emend Venus, Morning Rising, Aries, to 2;0° from 3;0°. 
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TABLES FOR FIRST AND LAST VISIBILITIES OF THE 5 PLANETS 


SATURN JUPITER 
Beginning Morning | Evening | Morning | Evening | Morning { Evening 
of Sign ' Rising | Setting | Rising isi 


Setting 


Aries 
Taurus 
Gemini 


Cancer 
Leo 

Virgo 
Libra 
Scorpius 
Sagittarius 


Capricornu 
Aquarius 
Pisces 


Beginning 
of Sign 


Aries 
Taurus 
Gemini 


Scorpius 
Sagittarius 


Aquarius 
Pisces 


SON] H UOMO A AWW] OD ww 
SOD] oe St SO OT] IO 


11. {Epilogue of the treatise} 


We have now completed these additional topics, Syrus, and have shown the 
way to deal with almost all the topics which should, at least to my mind, be 
subjected to theory for the purposes of this kind of treatise, at any rate as far as 
the time up to our own days” contributed to greater accuracy in our discoveries 
or in corrections [of earlier discoveries], and as far as was suggested by a 
memorandum” directed only toward scientific usefulness, and not towards 
ostentation. So at this point our present discussion can be terminated at an 
appropriate place and at the right length. 


EHCOFE jos SH cell 
SoC epe om mele. 
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Appendix A 


Examples of Computations 


| (a). II 4 p. 80. Given the terrestrial latitude (~), compute the distance of the 
sun from the summer solstice as measured along the ecliptic (Ad). 


Example: @ = 4;15° (cf. II 6, second parallel, p. 83). 


From Table I 15 Xr 5 
10° 4;1,38° 
WG e275 32. 


Hence to a declination of 4;15° corresponds a longitude (counted from 
equinox) of 10;33,33°. 

Therefore the distance from solstice, AA = (90° - 10;33,33°) = 79;26,27° 
(text: 793°). 


1 (6). II 6 p. 89. Find the terrestrial latitude (@) at which the sun does not set 
for a given period of time. 
Example: Period of one month. Taking a month as 30 days, and assuming the 
sun to move 1% in the ecliptic, we find that the parallel in question cuts off 30° of 
the ecliptic, or 15° either side of the summer solstice. 

From Table I 15 d 3) 

G0 15° = 75° 22,0001. 
Hence @ = 90° - & = 67;0,19° (text: 67°). 


2. II 9 p. 99. Given the longitude of the sun (A) and the terrestrial! latitude (i.e. 
the ‘clima’), find the length of day or night and the length of the seasonal hour. 
Example: Ao= 2 28;18°. Place: Babylon (cf. IV 11] p. 212). What is the length of 
night? 
We use the rising-time table (II 8) for Rhodes (M = 143”). 
(a) First method. 
Since it is night, we take the degree opposite the sun, LI 28;18°. 
From the table: pul 28518°): 6927" 

p (7 28;18°): 286950° 


Difference (in order of signs), A: 217:23°. 
Length of night in equinoctial hours is A/15: 14,29 (text: 143"). 
Length of 1 seasonal night-hour in time-degrees is A/12: 18;7° (text: 18°) 
(hence length of 1 seasonal hour in equinoctial hours: 1:12@8"). 
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(b) Second method. 


From rising-time table (II 8) at sphaera recta: a (171 28:18°): 65:9" 
as above 0 (El 26M?) 69-272 
Difference (A): 18;42° 

TAWA gies Ja bg 

Since Gemini is north of the ecliptic, add 15°: - 1G:7> 


This is the length of 1 seasonal night-hour in time-degrees. 


3. IL 9 p. 104. Given the length ofa seasonal hour in time-degrees, convert the 
time in seasonal hours to the time in equinoctial hours. 

From Example 2 (q.v.), length of 1 seasonal night-hour: 18;7°. 

What is 53 seasonal hours after midnight in equinoctial hours? 

53 x 18;7/15 = 6;38, so the time is 6;38 a.m. 

Ptolemy (1.c.) multiplies by i§ and gets 63 equinoctial hours after midnight. 


4. I19 p. 104. Given the longitude of the sun (Ao), the terrestrial latitude, and 
the time in seasonal hours, find the point of the ecliptic which is rising (the 
‘horoscope’ ). 

Example (cf. VII 3 p. 336). Ao m, 13;17° (text, ‘about the middle of m,’) 
Place: Alexandria. Time: 23 seasonal hours after midnight.! 

Length of 1 night-hour (A9 = m,13;17°, M = 14", cf. Example 2): 16;38° 


Time from sunset: 8; seasonal hours. 84 x 16;38: iSvealas 
From Table II 8 for Clima II: p (8 13;179): oleae 
(we take the point opposite the sun, since it is night) Sum 168;18°. 


168;18° is the rising-time (at Clima III) of the horoscope: p (mp 19;51°) 
(text: ‘about np 225°). 


5. II 9 p. 104. Given the same data as in Example 4, find the point of upper 
culmination. 

Total of seasonal hours from last midday: 6 day-hours plus 8 night-hours. 
Length of | day-hour: 13;22° 

Length of | night-hour: 16;38° 


6 x 13;22° + 84 x 16;38° = 80;12° + 137;14° = 21262 
Rising-time at sphaera recta of sun’s degree: a (m, 13;17°) 220;46° 
Sum: 78:12 


78;12° = a (1 19;11°) (text: I 225°), 


' Ptolemy (l.c.) gives 23 equinoctial hours, which is approximately the same. 
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6. I 9 p. 104. Given the longitude of the horoscope at a given place, find the 
point of upper culmination. 
Example: same data as in Example 4. 
Rising-time of horoscope at Clima III: p (m 19;51°): 168;18° 
= 0,07 


78; 18° 
78;18° = a (II 19;16°) (text: II 223°). 
The discrepancy from the result of Example 5 is due to the rounding to minutes 
of the tables and at every step of the computation. 


7. If1 8 p. 169. Given the date, compute the position of the sun. 

Example (Cf. IV 11 p. 214). Date: Nabonassar 548, Mechir [VI] 9/10, 13 
equinoctial hours after midnight. 

From mean motion table, III 2: 


Aho 
540° 228:42,48° 
ie 358;17,53° 
150° 147;50,43° 
8° T93.6° 
13" 0;32,2° 
0;20° 0;0,49° 


Sum 547° 158° 133" 743;17,21°— 23-17,21° 
K (epoch): + 265;15° 


K: 288;32,21° 

From Table III 6, for argument 288;32°, we find (by interpolation) the equation 

as 2;13,28°. This is additive, since « falls in the second column. 288;32,21° 
longitude of apogee: + 65;30° 


= 


354;2,21° 
Re Oe 


= 


d: 396;15,49°, 
@mabout 3 26;16° (text: € 26;17°). 


8. III 9 p. 171. Computation of the ‘equation of time’, E (given an interval in 
true solar days, find the interval in mean solar days). 
Example (cf. IV 6 p. 198): 
t,: Hadrian 17 (Nabonassar 880) Pauni [x] 20221, 11315) pan: 
ty: Hadrian 19 (Nabonassar 882) Choiak [IV] 2/3, 11 p.m. 
From the solar tables (cf. Manitius I p. 437): 
R(t,): 42:21°, ee): oma li5° 
X (ty): 206;42° Tatas == 25,10"; 
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Hence, from Table II 8 (rising-times at sphaera recta): 


a (t;) 40;44° 

a (t.); 203072. 
Ak =X (ty) — & (ty) = 164;21° yon 

z E = 1;48° = 73 
Aa =a (t) - a (tr) = 162;33° a 


Since AX > Aa, we subtract E from the ‘simple’ interval, 1’ 166° 23:45", to 
get, for the interval in mean solar days, 1” 166° 23:37,48° (text: 23” = 
93:37,30"). 


9. V 9 p. 239. Computation of the moon’s latitude and longitude from the 
tables for a given date. 

Example: Nabonassar 466, Thoth [I] 7/8, 2 equinoctial hours after midnight 
(ch VIP Spe 336). 

From the mean motion tables, IV 4: 


r a o 7 


y 
epoch value 268;49° 354;15° WES vies 
450° 260;46,44° 325° 20,5° 320;54,6° 10;117,3° 
eye 140;41,33° 250;46,52° 70;41,48° 144;20,22° 
6 79;3,30° 78;23,24° 79;22,34° 73;8,40° 
14° 7;41,10° (Sagem 1432 7;6,41° 
Sum 488;12,57° 929;2,37° 832:56,30° 305;23,46°. 


Ak = 128;13° @ = 209;5° Oc 212:56°" 2y = 2oueae: 
From anomaly table, V 8, 
col, 3: eZ = = 13742 
true anomaly a = @ + c; = 209;3 — 13;4° = 195;59° 
col, 4: c,(a) =D" 
col. 5: cate) = Oo" 
col. 6;°e;(26) = 336552 
equation c = cy + ¢;.cg = +(1;30° + 0;55° x 0;36352) = +2342 
longitude = AX +c+Aepoch = 128;13° + 2;4° + 41;22° = 171;39° (text: 171;30°). 
Cee +6 = U1 567+ 2:42 = 160. 
col. 7: latitude B(w) = -2;7° (text: -2é°). 


10. V 19 p. 264. Computation of the parallax of the moon for a given time, 
place, solar longitude and lunar longitude, latitude and elongation, from the 
tables. 
Example: time, 23 equinoctial hours after midnight (true local time Alexandria); 
Ao: M 13,179; Ac Mm 21;30°, B c: - 26° (cf. VIL 3 p. 336 and Example 9). 
From solar longitude and local time: culminating point: Li 19;11° (cf. Example 
uy? 
Distance of moon from meridian: a (19°21530°)=— oe( T9112) 

= WZ 12> —976- 12° = 95 

= 6;16" east. 
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From Table II 13 (Clima III), arguments 6;16" (vertical) and m 21;30° 
(horizontal), by interpolation in tables for Virgo and Libra: 
arc” 90° 
east angle 172;30°. 
Correction to arc and angle for moon’s latitude (cf. V 19 p. 272): 
Cran x (180" =~ 172:30°)} = Crd 15° = 15:40" 
Crd) (1g0° — 15°) = Crd 165° = 118:58". 

Multiplying B by each of these and dividing by 120, we get 0;17° and 2;9° 
respectively. Then the corrected arc is given by 

V/ (90° + 0;16°)? + (2;9°)? = 90;18°, 
and the corresponding angle of correction from: 2;9 x 120 = 2;51°, which 

90;18 

is the chord of ca. 2;44°, half of which is 1;22°. 
dherciore the corrected angle is 172;30° — 1;22° = 171;8°. 
We take the arc as exactly 90° (since otherwise the moon would be below the 
horizon). 

Computation of total parallax. 
From Table V 18, argument ¢ = 90°. 
Lunar parallax (a¢ = 195;59°, n = 305;24°, cf. Example 9): 

col. 3 col. 4 col. 5 col. 6 

G:53,54  0;10,17 1;19,0 0525.0 
with argument (360° — a)/2 (© 82°), from col. 7: minutes: 58,39 

from col. 8: minutes: 58,31. 

Parallax at syzygy: 0;53,34 + 0;10,17 x 0;58,.39 = 1;3,37° 
Parallax at quadrature: 1;19,0 + 0;25,0 x 0;58,31 = 1;43,23° 


A= 03976" 
with argument (360° - 1) = 54;36, from col. 9: minutes: 42,35. 
Parallax: 1;3,37 + 0;39,46 x 0;42,35 = 1;32°. 
Determination of longitudinal and latitudinal components of parallax. 

Angle between hour-circle and ecliptic (see above): 171;8°. 
This is greater than 90°, so we take the supplement, 8;52°. 
Twice this is 17;44°, and the supplement of the latter 162;16°. 
The chords of these angles are 18;30° and 118;34° respectively. 
Latitudinal parallax: 1;32 x 17;44/120 ~ 0; 133°. 
Longitudinal parallax: 1;32 x 118;34/120 ~ 1;31°. 
Latitudinal parallax is southwards (zenith to the north of the culminating 
point). 
Since latitudinal parallax is southwards and the angle greater than 90°, 
longitudinal parallax is positive. 
Result: parallax in latitude: —0;133° (text: -0;5°) 

parallax in longitude: +1;31° (text: +1;0°). 
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11. VI 9. Given year and month, compute lunar eclipse. 
Example: Date, Nabonassar 28, Thoth (cf. IV 6 pp. 191-2). 
From Table VI 3, compute mean.opposition: 


Days of Thoth ve a ra) 
Period: 26 9;55,35 267-56, 122 83;24,29° 230;10,5° 
Year: 2 8315:55 039,50" 265:25,4° 46;45,54° 


Wear 26 18;11,28° 21S ieee 8:49.53" 276755399". 
Time of mean opposition: 18;11,28° = Thoth 18/19, 4;35 p.m. 
® lies within ecliptic limits for lunar eclipse, which is therefore possible. 
Computation of true opposition. 

From Table III 6, c(K): +2;21° solar equation 

From Table IV 10, c(@): -0;42° lunar equation. 

True position in latitude: @ = @ + c(a) = 276;14° at mean opposition. 
ON OA yerralliceat se ges fas 8 Se 
Moon’s true hourly motion in longitude: 0;32,56 - 0;32,40 x 3’ = 0;30,24°. 
At = 3;3 x 12 = 0;30,24 = 6;31". 
True longitude of moon at mean syzygy is less than true longitude of sun (minus 
180°). So we add At to the time of mean opposition to get the time of true 
opposition as 11;6 p.m. (text: 11;10 p.m.). 
Motion over At: 3;3 x {3 = 3;18°. 
We add this to the position in latitude: @ = 279;32° at true opposition. 
In 6;31" motion in anomaly is 3;33°, so at true opposition & = 12;22°. 
Computation of circumstances of eclipse. 
From Table VI 8, I], argument 279;32°. 


At greatest distance At least distance 
Magnitude Duration Magnitude Duration 
2;32 digits 0;26,22° 4:42 digits.  Qsa0%30" 


A: 2;10 digits and 0;13,13°. 

From III, argument 12;22°: sixtieths: 0;43. 
Magnitude: 2332 + 2;10 x 0;0,43 = 2;34 digits (text: 3 digits observed). 
Duration: 0;26,22 + 0:15,13 x 0:0,43 = 0:26.31°. 
To get time from beginning to middle of eclipse, we divide the duration, 
increased by a twelfth, by the moon’s true hourly motion: 

0;26,31 x 13 + 0;30,24 = 0357". 

Beginning of eclipse (Alexandria) 10;9 p.m. 


Eclipse middle 11;6 p.m. 
End of eclipse }2;3 a.m; 
Magnitude ca. 23 digits. 


12. VI 10. Given year, month and place, compute solar eclipse. 

There is no example of a solar eclipse in the Almagest, so I have selected the 
eclipse of 364, June 16, which Theon observed at Alexandria, and gave as the 
example of computation in his commentary on the Almagest, first according to 
the Almagest, and again according to the Handy Tables (Basel edition pp. 332- 
339, cl. Rome [6]). A somewhat different calculation of the same eclipse also 
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appears in some mss. of Theon’s small commentary on the Handy Tables, and 
has been published in extenso by Tihon, ‘Calcul de l’éclipse’. 

Example: Nabonassar 1112, Thoth, Alexandria. 

From Table VI 3 compute mean conjunction: 


Days of Thoth « a oO 
Period: 1101 22;41,45 19-11 56° 220892" G54 1,57° 
Year. 11 1;9,39 358;28,11° 271;4,19° PAD AAS 


Year 1112 23;51,24° 17340572 199:57,51° ~ 276354,07. 
Time of mean conjunction: 23;51,24° = Thoth 24, 8;34 a.m. 
® hes within ecliptic limits for solar eclipse, which is therefore possible. 
Computation of true conjunction. 

From Table III 6, c(K): -0;41° solar equation 

From Table IV 10, c(@): -3;50° lunar equation. 
True position in latitude: @ = @ + c(@) = 273;4° at mean conjunction. 
Mi 041° + .3:50° = 3:9". 
Moon’s true hourly motion in longitude: 0;32,56° + 0;32,40 x 37’ = 0;34,56° 
(Theon: 0;34,56°). 
A= 8,9 13 + 0;34,56 = 5:52". 
Time of true conjunction: 8;34 a.m. + 5;52" = 2:26 p.m. (Theon: 2 + } + % 
hours after noon). 
Motion over At: 3;9 x 13 = 3;25°. 
We add this to the position in latitude: @ = 276;29° at true conjunction. 
In 5;52" mean motion in anomaly is 3;12°, so at true conjunction & = 137;10°. 
To find time of apparent conjunction at Alexandria we have first to find true 
local time, i.e. apply equation of time. 
True longitude of sun at mean conjunction: K +1a+ c(K) = 
hea = 05:30° — 0;41° = 82:29°. 
Motion of sun from mean to true conjunction: AA/12 = 0;16°. 
True longitude of sun at true conjunction: 82;45°. 
Hence equation of time with respect to era Nabonassar (cf. Example 8 for 
method): +24 mins. 
Time of true conjunction with respect to noon at Alexandria: 2;50 p.m. 
Calculation of apparent conjunction. 
(1) Parallax computation (cf. Example 10). 
rom Pable If 13,Clima III, A = EL 22;45°, 2:50 p.m: 
zenith distance: 38;28° angle: 17;35°. 
From Table V 18, C = 38;28°, a = 137;10° (latitude of moon neglected): 

total parallax of sun: 0;1,45° 
total parallax of moon: 0;39,35° (from cols. 3 and 4 only) 


ditlerence in parallax: 0;37,50°. 
Longitudinal parallax (for angle 17;35°): pa = 0;36°. 
Time from true to apparent conjunction is found by dividing the above by the 
true hourly velocity of the moon: 0;36 + 0;34,56 ~ 12" 
Hence time of apparent conjunction (first approximation): 3;52 p.m. 
(2) Second parallax computation, for corrected time. 
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From Table II 13, Clima III, 4 = I 22;45°, 3;52 p.m.: 
zenith distance: 51;48° angle: 18;32°. 
In 1;2" motion in anomaly is about 0;33°, hence a for corrected time 1s 
137210? + 0:33°s— 157545". 
Neglecting lunar latitude, as before, from Table V 18, ¢ = 51;48°,a = 137-452 
total parallax of sun: 0;2,15° 
total parallax of moon: 0;49,47° 


difference in parallax: 0;47,32°. 
Longitudinal parallax (for angle 18;32°): p’, = 0;45°. 
Computation of the ‘epiparallax’: 
Difference between first and second longitudinal parallaxes, 
di=.p i> pra Ue = 06. = 022 
Further increment, f, is found by f:d = d:p, hence f= 0;9 x 0;9 = 0;36 ~ 0;2, and 
epiparallax = d + f= 0;11°. 
Final parallax in longitude: 0;36° + 0;11° = 0;47°. 
To account for sun’s motion add th to this: @ x 0;47° © 0;51°. 
Time from true to apparent conjunction: 0351 + 0;34,56 ~ 1;28". 
Hence time of apparent conjunction: 2;50" + 1;28" = 4,18 p.m. (Theon: 43" p.m.) 
Position of moon at this time: 
‘ Re 22 45° 0:5 1° = 23 36° 
@: 276:29° + 0:51° =2h7.20° 
a: 13g n0r + 0;51°" Sse 
Computation of circumstances of eclipse. 
Computation of latitudinal parallax. 
From Table II 13, Clima ITI, A = IT 23;36°, 4:18 p.m.: 
zenith distance: 57;18° angle: 19;46°. 
From Table V 18, with ¢ = 57516". 136-1 
total parallax of sun: 0;2,24° 
total parallax of moon: 0;53,2° 


difference in parallax: 0;50,38°. 

Latitudinal parallax (cf. Example 10) for angle 19;46°: pg = 0;17°. 
We convert this to a distance along the moon’s orbit by multiplying it by 12: 
Aw = 12.pp = 3;24° (Theon uses the factor 113 and gets 3;19°). 
Since @ is 277;20°, the moon is just past the ascending node. The effect of the 
parallax is southwards, therefore its effect on @ is negative. 
Final position of moon on orbit: 277;20° — 3;24° = 273;56°, apparent argument 
of latitude. 
From Table VI 8, I, argument 273;56°: 


At greatest distance At least distance 

Magnitude Duration Magnitude Duration 

4:8 digits 23;44,28 minutes 4;56 digits 26;18,52 minutes 
of travel of travel 


A: 0;48 digits and 2;34,24 minutes. 
From III, argument @ = 138;1°: sixtieths: 51,39. 
Magnitude: 4;8 + 0;48 x 0;51,39 = 4;49 digits. 
Duration: 23;44,28 + 2;34,24 x 0;51,39 = 25:57 minutes of travel. 
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We increase the latter by sth, to account for the sun’s motion: Zoe 
and divide by the moon’s hourly velocity, 0;34,56°, to get 
half-duration of the eclipse: 0;28,7 + 0;34,56 ~ 0;48,18" 
(Theon: 3 + 4 + 35 = 0;48"). 
Thus circumstances of eclipse (neglecting variation of zenith distance during 
the eclipse): 


Magnitude: 4;49 digits (Theon: 4;39,18 digits) 
Beginning of eclipse, Alexandria: —3;30 p.m. (Theon: 3332 p.m.) 

mid-eclipse, Alexandria: 4:18 p.m: (Theon: 4;20 p.m.) 

end of eclipse, Alexandria: SOmpuin. (Theon: 5;8 p.m.). 


(Theon goes on to calculate the differences in beginning and end of eclipse 
because of the variation in the zenith distance, cf. Almagest VI 10 pp. 312-13. 
These amount to 12 minutes earlier and 7 minutes later respectively, verifying 
Ptolemy’s statements about the effect on the intervals). 

Using modern tables (those in P. V. Neugebauer, Astronomische Chronologie), I 
find: 


maximum phase at Alexandria: 5.6 digits 

times of phases at Alexandria: beginning: 15;18° 
middle: 16;28° 
end: 17;24". 


13. VI 13 p. 319. Given the circumstances of an eclipse (magnitude and times 
of principal phases), compute the ‘inclination’ (t1pd60vEvOolc, ie. point on the 
horizon towards which the line joining the centres points). 
We take as example the solar eclipse of Example 12 (364 June 16 = Nabonassar 
1112, Thoth 24), beginning of eclipse (first contact). 
Given: time at Alexandria, 3;30 p.m.; magnitude, 4;49 digits. 
First, find the rising-point of the ecliptic (cf. Example 4). 
The longitude of the sun is LI 22;45° (Example 12 p. 655). 
Time in seasonal hours at Alexandria (cf. Example 2): 3” after noon. 
Hence rising-point of ecliptic: m, 10°; and setting-point is therefore 8 10°. 
From Fig. 6.7, azimuth of 8 10° at Clima III: 
6 0° 13333° N. of W. 
Tt 0° “23.55- Naot W. 
Hence 8 10° is 17° N. of W. 
From Table VI 12, col. 2 argument 4;49 digits: S74". 
Moon is north of ecliptic (@ is somewhat more than 270° in Example 12). 
Hence this angle is set off to the north of the setting-point. 
So point of ‘inclination’ on the horizon is 17° + 37;41° = 54;41° N. of W. 


14. X1 12 p. 554. Compute the longitude of a planet from the tables for a given 
time. 


Example: Mars, Nabonassar 886, Epiphi [XI] 15/16, 9 p.m. (cl. X 8, where 
Mars is observed for this moment). 
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From mean motion tables, IX 4, find mean longitude and mean anomaly: 


x a 
epoch Beto fie . S773 
810° 138;15,13° 24-48 59° 
a2 O21 7217 250;12,21° 
3° 213;50,43° 145;25,31° 
10” (300°) 157;13,4° "  -138;28,21° 
14° 7;20,13° 6;27,43° 
g" 0;11,47° 0;10,23° 
885° 314° 9" 612;40,21° 892-46, 18° 
hence d = 252;40° @ = 17246" (as <6 p. 600): 


Apogee position at epoch: 2» 16;40° 

motion of apogee in 886" (at 1° in 100”): 8;52° 

hence apogee position at date: 115;32°. 

Mean centrum (K): 252;40° — 115;32° = 137;8° (X 8: 137;11°). 

From anomaly table (XI 11): 

with argument X, find equation of centre from col. 3 and col. 4: 

a 93> — Oe AZo el eae OA 

Since XK is in the first column (less than 180°), we subtract the latter from) and 
add it to @: 
She = 25240 8:22] 244-16°,. = 172.404 822 = eae. 

With argument a, take the equation from col. 6: cg(181;8°) = 2;10°. 

With argument k, take the ‘sixtieths’ from col. 8: cg(137;8°) = 37,9 

Since K is between mean distance and perigee (cg positive), we take the 
increment from col. 7: c,(181;8°) = 0;53°. 

Then equation of anomaly c = cg + Cg.c, = 2;10° + 0;53° x 0;37,9 = 2;43°. 
(cL XO8, 7 BEX = 5:20) 

Since @ is greater than 180° (in second column of argument), this equation is 
negative. 


Thereiore A= 2 = C= 244, 15° = 2:43" = 241-55> (X38: olservedaes, ee 


15. XII 6. Compute latitude of planet, given ‘corrected longitude’ (see p. 635 
n.95: distance of epicycle center from apogee, Ky) and ‘corrected anomaly’ (a). 
(a) Outer planet. Example: Jupiter, Nabonassar 507 XI 18, 6 a.m. (cf. X13 
p: 522) 

Given: Ky = 29040" a = 7255". 

O=Ko— 20° =2/0:40"> c(o ) = O4oatlable cil s). 

a > Z10°,so we enter col. 32 G2 aoa el 

B = c3.c, = 1;21 x 0;0,43 ~ +0;1° (northerly since we took c;). 

Text says that Jupiter occulted 6 Cnc, which according to the star catalogue 
(XXV 5) had a latitude of -0¢°. Thus there is a discrepancy of 6°. Tuckerman 
(- 240 Sept. 4) gives B ~ +0;14°. Since 6 Cnc was, by modern calculations, 
almost exactly on the ecliptic at the time of the observation, there could not 
have been an occultation. 
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(6) Inner planet. Example: Mercury, Nabonassar 486 IV 18, 6 a.m. (cf. [IX 7 
00) 
Given: Ky = 129;44°, a = 239;15°. 
Table XIII 5, argument a: c, = 1;27°, 

c, = 2;29°. Since 90° < ko < 270°, we add to the 

latter ioth of itself: c’, = 2;29° + 0;15° = 2:44°. 

he cee 0° = 49:44 o-(k’) = 45,55. 
Bip ae 0545 55 = 17 
Condition A2 (p. 635) holds, since k’ < 90°, 90° << a < 270°, so B, is northerly. 
ea ky + 160° = 50944”, c.(K”) = 38,11. 
Ba © ¢.co = 23544 x 0:38.11 = 1:44°. 
Condition A2 (p. 636) holds, since 270° < K’’ < 360°, a > 180°, so By is 
southerly. 
B; = 0;45° x c5(K”).c5(K”) = 0;18°. This is southerly. 
be Br + Bo + Bs =+1;7° — 1;44° — 0;18° = —0;55°. 
Text says Mercury was ‘3 moons to the north’-of 6 Cap. In the star catalogue 
(XX XI 24) this has a latitude of -2°; so according to the observation Mercury’s 
latitude should be about —3°, a discrepancy of about 3° with the computation. 
From Tuckerman, for -261 Feb. 12, 6 a.m. Alexandria, I find a latitude of 
about +0;8°. 
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Corrections to Heiberg’s text 


This is a list of all corrections to the Greek text of the standard edition which I 
have adopted in making the translation (for certain types of corrections omitted 
see Introduction p. 4). For each item I give the reference in Heiberg’s text, the 
correction (usually the reading of Heiberg followed, after a colon, by the 
reading | adopt), and the page and note in which I make and, where necessary, 
justify the correction. 

H16,9 ta mAEiova : nmAciova 41 n.30 

H23,1 avtyv : abtov 44 n.39 

H35,18 évtedev : avtd8ev 50 n.58 

H42,1 Aoinn : H Aon, 53 n.62 

H48,20 va : vd 58 n.68 

F194, 100 : y 59 n.68 

H55,43 pa : ud 59 n.68 

H56,15 «Cf : K® 59 n.68 

H57,37 vc : ve 59 n.68 

H58,13 pa : wd 59 n.68 

H60,17 xc : vc 59 n.68 

H65,13 brodepatov : broBepatiov 62 n.71 

H72,13-15 ote .. . bnaKkovéoOw del. 67 n.80 

H75, 2 10 onpetov : ta onpeta 68 n.83 

H81,29 ta : a 71 n.87 

H81,50 « : a 71 n.87 

H83,10 «Ke : VY 73 n.89 

H83,13 Ke : VY 73 n.89 

H86,20 kata Sekapoipiav napadAAndAov : Kata MapaAANAov 28 n.2 
H92 8 Ky : KC 77 n.1) 

H92,11 Ky : KG 77 n.11 

H95,18 npoextiWepévov : mpoektebetpévov 79 n.13 

H95,22 nepipepsia : nepipeperav 79 n.13 

Posts Z’y’ : Zp" 84 n.28 

H108,13 4¢ : A 85 n.38 

H108,20 my 1B’ : zy 1B 85 n.39 

H109,9 py Z’ y’: py Z’ V 86 n.41 

H110,3 fry 5 : py @ 86 n.43 

H110,6 ppd : pp 8’ 86 n.45 

Eeeieo 2 yp : 2° 1B’ 87 n.52 
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Pia cs yo 2 8 mot 
H112,3:@ 87 n.56 

113.4 ¢’ yy" 88 n-61 

H113,5 1B’ : fo 88 n.62 

de? 7 [oO = ho ome 

H123,11 6: 0 94n.74 

H123,21 ME : MH 94 n.75 

H138,2 jim : fy AP 99 n.80 

H175,7 p¥ vy : pO py 130 n.108 

H181,7 p pC Aa Aa: p pa Aa AC 130 n.108 
H183,17 4B : AB A 130 n.108 

H186,17 pap 1 10 v : pA tc 16 pd 130 n.108 
H189,6 dvopikatepocs seclusi 130 n.110 
H196,15 adxk6Aova8ov : axoAov8ov 134 n.10 
H198,24 é@’ Eavtod : bg’ EavtoD 135 n.13 
210,23 va 2h 14) ao 

H210,24 18 : va 141 n.29 

H210,25 0: 1B 141 n.29 

H215,38 As : Ac 141 n.29 

H225,4 Ouoia seclusi 148 n.39 

. H225,Fig. A addidi 148 n.40 

H233,2 onovdis : morc onovdic 153 n.45 
H239,12 tuto : huiKoKAtov 156 n.48 
H240,16-17 tho dvwpariag émokéyems : TOV dv@padrrGv Kavovorotiac 


H247,6 B 45 Ac : B AS 162 n.53 

H249,20 B 28 Ac : BAS 162 n.53 

H251,24 npdc anoyetots : mpdc ToOtc anoyEeioisg 165 n.56 

H254,5 éxornodpeba : moinodpeba 166 n.58 

H261,14 dta@opov : nAetotov dtd@opov 171 n.67 

H266,5 tig oekrvng : tis yc tovtéott tod CwdiaKkod 51d tod Kévtpov 
THs GEAtvNs 173 n.2 

H267,4 tabtac ; tac abtac 174.3 

H269,9 kata tO mAGtOS : KaTG MAGTOS 175 n.5 

H280,5 Aa : 4 180 n.20 

H294,6 tavtys : Kai Thc avbthc 180 n.22 

H301,10 ovpgwvoc Gel : GULQwWVOS 190 n.28 

H317,4-5 6uws > ph OnoKEIWEVOD TOUTODV : GpLotws 200 n.42 

H317,25 tpiywvov : 6p8o0yaviov 200 n.43 

H318,8 BEZ : BEZ op8oya@viov 200 n.44 

H319,4 tpiywvov : 6p8oyaviov 200 n.43 

H319,7 édeiy8n PK : PK 201 n.45 

H319,14 tpiywvov : opBoyaviov 200 n.43 

H321,14-15 tob emixvKdov [EErKovta] mouet 16 dn’ adtis VX, av ta YX : too 
émiK0KAOv TOV adtOv éotiv E, av Ta VY tod tetpayavov 201 n.46 

H332,14 yevovévy : yevopévyn 208 n.59 

H344,5 poe 1) : POE Kai H 213 n.70 


II 
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H347,16-17 Hpioes kat tpitm Kai dexdte : hice Kai tpitw Kai Hpicer Kai 
TpItTM Kal dekatw 215 n.75 

H353,1-2 t&v év apyxT tic ovvtdgemc bnodederypévov : 1B év apy thc 
OvvTacEMs anodEdErypEvM 218 n.3 

H353,24-354,1 Kai dia tig dmevavtiov Kai naparAtjAOV TOD KUKAOU MAEvPAC 
Oonep KEKOAANPEVOS GpPoTépaic avtToV tatc EMUpavetats: BOonEp 
KEKOAANHEVOS G@otepais abtiic tats Empavetatc 219 n.5 

H358,20-21 del. kai ypagewv mepi 10 Z Kévtpov tov AH ékxevtpov 221 n.8 

H360, Fig. corrigenda ut 222 n.9 

H363,16 v’ : va’ 224 n.13 

H385,7 GnoteAovupévns avopadias : dnotexovpévyc 235 n.28 

H395, Fig. corrigenda ut 240 n.33 

H404,17-18 del. mpdc tH adtH ypapyh 245 n.41 

H416,18-19 transposui post 1.8 251 n.50 

H417,23 del. mAsiotns ovons 252 n.55 

H431,4 21 o : ff 260 n.70 

H431,13 ff o : ff 260 n.70 

H443,41 pa : ka 264 n.73 

H449,16 dt’ abtod : 61a to H 267 n.81 

H451,12-13 del. d1a tO TOAD PGAAOV Exeivwv adtas pT ded5d00a1 269 n.83 

H465,10 vB : va 277 n.6 

H475,2 i o : [f 282 n.14 

H475,6 Vc 0 : VG 282 n.14 

H475,15-17 del. 808évtoc to kat’ abtrv MANBovs TOV lonLEpIvOv OpBv tic 
dO TOD pEGHEPPLvod Anoxic 282 n.16 

H477,10 & : 8’ 283 n.19 

H485,22 del. kai 287 n.31 

H490,16 peyiotns : uéons 290 n.35 

H494,12 péyiotov : péoov 292 n.43 

H498,8 del. ano o K€ 294 n.47 

H501,10 51a : Kai dia 295 1.52 

H501,18 del. yap 295 n.52 

H507,3 del. obv 298 n.57 

H512,1 patvopévev : yrvouévav 302 n.58 

H514,207: 7’ 303 n.62 

H519,20 Ay KBo: Ay K Bo 305 0.63 

H521,27 pB : vB 305 n.63 

Pagid 'e : 1c 305 'n63 

Pozi! wp: vB 305 1.63 

H537,12-13 del. tric ExAetwems dvev 314 n.78 

H539,7 éxtdc : Evtdc 315 n.82 

H544,13 xC : Ad 318 n.86 

H544,23 «6 : ka 318 n.86 

Fig. ad finem Vol. I corrigenda ut 316 n.83 

H4,14 tiv : tio 322 n.6 

H9,4 AapPavet : dnoAapPaver 325 n.32 

H11,10 tov : tovc 326 n.44 
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H12,12 del. cic ta Endpeva 327 n.49 
H29,7 1B : tB’ 336 n.73 

H32.1 t0€ : t06 337 n.81 

H32,18 énéyov : anévyov 338 n.83 
H32.19 1B : 18’ 338 n.84 

H33,20 énéyov : dnéyov 338 n.83 
H37,2 tatc tod : tats tic EnoyTic Eni toV 340 n.92 
H39,6 1¢ : 1’ 341 n.96 

H43,14 xB Z’ fe : xB Z’ 343 n.104 
H43,15 xy’: « y¥’ 343 n. 106 

H44,19 Endpevoc : mponyobpEevoc 344 n.110 
H45,20 nC: my 345 n.111 

H46,13 del. 640d Aa 345 n.114 
H47,4 ny’: my 345 n.112 

Ay Foy ely 345 49 1S 

Hoo:5 vie 2vyc 346 1.123 

H58,16 abvtOv : adbtod 350 n.135 
F593 KO. koe 350ine1 43 

H64,19 t@v : tod 353 n.142 

H67,19 1¢ : uy’ 354 n.147 

HOG 3 Ke = Ky 357 OU 

H71,18 Kc : Ky 355 n.155 

Heoelé« 2°: 361 n.173 

H89,4 16 Z’ : 16 c’ 362 n.180 

H90,5 éxtoc : €xktdc 363 n.190 
H91,10 ka : Kd 364 n.195 

HIG 1362 ¥ 7 CO Boon. 212 
H9G14 ¢ 0° 28.2’ y Se6 n.212 
H101,6 y ©’: yc’ 368 n.221 

LOS. 7 (pr) 6" 369 n:226 
H103,8 2’ : c’ 369 n.227 

HMOs, 108 2’ 262 ¥ 369 1.228 
FULOS ie 70 1.240 

H111,13 k vo nfo : « co’ vo yy 372 n.7 
H111,14« 6’ vo in: « voinfo 372 n.7 
fall3..7 Kel Ko 373 1.9 

Hilbloiey 2’ y’ Kc 4 375 ne I8 
H120,10 Bopetwv : votiwv 377 n.31] 
H136,8 abvtOv : adtod 384 n.76 
H147,18 we c’ : pe 389 n.100 
F494 0 2’ 5’ 2102" 389 1, 101 
H161,8Ay:A y’ 395 n.131 

lol wy sy! 395 niles 
H165,13 a y’:’ y’ 397 n.146 
H166,2 abtov : adt@ 397 n.149 
H169,12 ta : 16 399 n.157 

H172,8 To&dtov : t6Eov 400 n.161 
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H172,11 To&dtov : t6E0u 400 n.161 

H176,18 1 voto : tOv wdtwv 403 n.172 

H176,24 todto Hpéua GAov : GAov toto Hpépa 403 n.173 

H177,13 del. avtt 403 n.174 

H179,4 napa : br 404 n.177 

H179,14-15 kai tOv : dnd tod 404 n.178 

H181,5 nAevpdc : nAevpOv 405 n.182 

H186,13 avdtod : avtBv 407 n.188 

H190,18 advatéAXAovtos : dvatetAavtoc 409 n.195 

H190,22 katadbvvovtoc : Katadbvavtoc 409 n.196 

H192,19 del. paivopevov 410 n.197 

H192,20 post pecovpavrjoy add. Kai t6 bmEp Fv TovTOU PatvopEVoOv yivEeTat 
410 n.197 

H194, Fig. corrigenda ut 411 n.200 

H198,18 Svvatov [eivat] : Svvatov eivat' 413 n.204 

H200,6 to : tov 414 n.207 

H200,7 OZK : HOZK 414 n.207 

H200,13 xexAméevon : EyKAtvopévov 414 n.208 

H203,14 t6 kat’ adtdc TOV TOV dotépwv PadoEwWV THPYGEIC : KAT’ adTaS TAC 
TOV PAGEWV THPTOEIC 416 n.211 

H204,3 an’ avtOv : ano 417 n.212 

H216,1 £0 : V0 424 n.25 

H216,2 vy : py 424 n.26 

H219,2 26 : AN VB A 426 n.31 

H219,7 vB An : vB Vy 426 0.32 

H235,24 ¢ : vo 426 n.33 

H238,3 fe : o ffé 426 n.33 

#4250517 del. wai 442 n.37 

H259,4-5 del. 7} b10 TOV towv nAEvPOV 447 n.47 

H260,8 post Gv@padtav add. diagdpov 448 n.48 

H264,18 «0’ : xa’ 450 n.58 

H264,24 dnrovoti : 6& 450 n.61 

H265,16 del. 4’ 451 n.63 

H27], Fig. corrigenda ut 454 n.79 

H/o 210° 456 n.81 

Pefonoko = Ka 456 n.84 

H283,4 adtod : avtOv 461 n.91 

H294,5 1 y’ : 1 467 n.105 

H297,5 15’ : 6’ 469 n.4 

H298,14-15 kataAdpmetv : kataAGpyeiv 470 n.8 

H303,2 éxdtepa : Exatépac 472 n.11 

H311,4 péypu: a’ Etog 477 1.18 

H311,5 ond’ : ond gotiv dnd NaBovacodpov 477 n.18 

H314,22 dvoparrOv : dvopariac 479 n.20 

H318,18 ovvodevet : cvvodeboet 481 n.25 

H319,8 del. toutéotww AerpOetoa bn’ adtyns 481 n.27 

H322,1 S1a0tdosmc : diapéetpov otdcews 484 n.31 
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H324,8 abtai : abtar 486 n.35 

H324,22 KAM, ZTY : KAM tév XTY 486 n.37 
H329,17 mpdc tobtw : Evtdg TovTOL 488 n.41 
H335,9 £0 : Ee 492 n.48 

H342,23 tadta : tavta 494 n.53 

H345,22 OF : OFM 498 n.55 

H348,10 del. y’ 500 n.61 

H371, Fig. corrigenda ut 512 n.5 

H373, Fig. corrigenda ut 514 n.6 

H379,3 post Exnopeva add. tod anoyeiov 518 n.10 
H381, Fig. corrigenda ut 519 n.11 

H389,2 4 &k toU : H BO ék tov 523 n.18 
H396,10 jy : KY 527 n.24 

H396,13 pty : KY 527 n.24 

H411,221: @ 537 n.29 

H412,1 bmoxKeita : DméKEITO 537 1.30 

H417,13 broxeitat : bréKetto 540 n.33 

H424.,6 8’ : 18’ 543 n.37 

H425.9 6 : T 543 n.39 

H425,14 p18 : py 544 n.39 

. H428,18 del. rpatwv 545 n.45 

H433,4 KC : 547 n.52 

H441,49 10 : ve 548 n.55 

H442,17 AC : vO 548 n.55 

H443,34 va : v6 548 n.55 

H443,36 ve : vO 548 n.55 

H443,43 vn : pn 548 n.55 

H444,9 «6 : KU 548 n.55 

H460,13 tod éxxévtpov : xKEvtpov tov 560 n.1] 
H470,6 tov : ti\¢ 567 n.28 

H470,8 pndevoc : undév 567 n.29 

H471,18-19 del. tovovtwv 568 n.34 

H471,20 V : Vy 568 n.35 

H472,5 B : fa 568 n.36 

H474,16 abdt@v : adtatc 570 n.41 

H47o, 146 ><’ 570 143 

H476,9 avtiv : avtatc 570 n.41 

H477,18 adtOv : adtatc 570 n.41 

Ha485.22y ¢ : va 575 1.58 

H494,20 pe8odevopev : pebodevoapEev 583 n.82 
H497,21 tod dnoysiov : dnd to droyetov 584 n.84 
H504,20 del. otiyou 587 n.90 

H513,16 del. kai 591 n.93 

Holo 13 Vv > V¥ 395 1.100 

H520 del. columnam quartam 596 n.102 
H525,23 del. t6 mAEtotov 597 n.5 

H526,1 del. 1 nAEiotw tote 598 n.6 
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H537,20 del. te 602 n.24 
H554,11 KAM : KAM 613 n.36 
H590,18 del. peyiotov 636 n.60 
H606,6 xy a: Ky A 646 n.83 
H606,7 «x n : K ic 646 n.83 
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How did Ptolemy derive the mean motions for the five planets? 


Our discussion concerns only the mean daily motions in anomaly, since the 
mean daily motions in longitude are not derived independently: for Venus and 
Mercury the latter are identical with that of the sun, while for the outer planets 
they are found by subtracting the mean daily motions in anomaly from the sun’s 
mean daily motion. 

The answer to the above question would seem to be provided by those 
chapters entitled, ‘On the correction of the periodic motions [of each planet}’, 
IX 10 (Mercury), X 4 (Venus), X 9 (Mars), X13 (Jupiter) and XI 7 (Saturn). In 
every case Ptolemy determines the position of the planet on the epicycle at one 
of his own observations, and also at an ‘ancient’ observation (approximately 
400 years earlier). From the (Babylonian) period relations stated in [IX 3 he 
computes how many integer revolutions in anomaly have occurred between the 
two observations; this plus the increment in degrees derived from the two 
observations gives the total motion of the planet in anomaly. Division of the 
latter by the interval in days and fractions of a day between the two 
observations gives the mean daily motion in anomaly, and Ptolemy explicitly 
states in every case that this was the basis of the mean daily motion used in the 
tables (IX 4). 

However, if one does the computations implied in the above chapters using 
Piolemy’s numbers, in no case does one find agreement with the mean daily 
motions in anomaly which he actually lists,’ as the following shows. 

Ptolemy’s mean daily motions in anomaly (IX 3 pp. 424-5) 


0;57,7,43,41,43,40% [1] 

Y 0;54,9,2,46,26,0% [2] 

A  0;27,41,40,19,20,58% [3] 

OF  0:36159.25;53d 28% [4] 

8  3;6,24,6,59,35,50% [5] 

p. 543 kh travels Soseoee /° in 36,57,59;45° — 0;57,7,43,41,44,18%" [la] 
p. 52482) twavels 34,31,45;45° in 38,15,32:57.30° — 0;54,9,2,45,8,48% [2a] 
p. 504 3 travels 19,13,1;43° in 41,38,1;40° — 0:27,41,40,19,28,7%? [3a] 


'Cf Newton pp. 320-1, 325-7, where the discrepancy is described almost correctly, but 
implausible consequences drawn. 

?In these and subsequent computations the last place is rounded on the basis of one more 
computed place. ; 

> Ptolemy gives an increment of day’, implying 6 a.m. for the first observation and 10 p.m. for 
the second. If we assume (improbably) that the second was in fact 10;25 p.m. (cf. p. 484 n.32), and 
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p. 479 © tramels 25,59,90,29° 1n 41 30,529 — 0;36,59,25,49,8,51%' [4a] 
p. 467 § travels 2,6,52,6;53° in 40,50,13;33,45° — 3:6,24,6,58,39, 48° 9," [5a] 


The worst of these discrepancies, that for Jupiter,° does not produce an error 
of as much as one minute of arc in 400 years. Hence it is clear that Ptolemy had 
no motive for ‘fudging’ here (and also that it is strictly illegitimate to derive a 
mean motion to the sixth sexagesimal fractional place from observations 
separated by only 400 years). But, although his observations are essentially in 
agreement with the mean daily motions he uses, the latter cannot be derived from 
them, not at least by the method he states.’ 

An alternative possibility is suggested by the way the derivation of the mean 
motions is presented in [EX 3. There Ptolemy expresses them in the form of 
‘corrections’ to the period relations, e.g. ‘for Saturn, 57 returns in anomaly 
correspond to 59 tropical years plus 14 days’. These are reduced to degrees and 
days, e.g. ‘Saturn travels (in anomaly) 20520° in 21551:18"". It is plausible to 
suppose that the latter are actually primary, i.e. the corrections ‘plus 13 days’ 
etc. are derived from the equivalences between days and degrees together with 
the parameter ‘one tropical year equals 365; 14,48°’.® These equivalences can be 
derived from the pairs of observations in IX 10 etc., combined with the 
Babylonian period relations, as follows. 

Example: Saturn. From Hipparchus Ptolemy knew the Babylonian period 
_ relation, 57 returns in anomaly take place in 59 years, i.e. that the planet travels 
(57 x 360)° in approximately (59 x 365;14,48)". He knew from his pair of 
observations that it travels 35,11,51;27° in 36,57,59,45°. From the latter 
equivalence he could derive a ‘correction’ to the period of days in the former, by 
multiplying 36,57,59;45 by (57 x 360) and dividing the result by 35,11,51;27. 
This produces 5,59,11;17959,55.. “| or (rounded to the nearest sixtieth) 
21551;18", as in IX 3. The corresponding calculations for the other planets are: 
Y 38,15,32;57,30 x (65 x 360) +34,31,45;45 = 7,12,7;36,42,19. . .“or(rounded) 

25927;37", as in IX 3. 
GO 41,38,1;40 x (37 x 360) + 19,13,1;43 = 8,0,57;40,45,50. . .° or (rounded) 
28857:41°. Text in LX 3 has 2885753, emended by me to 28857:43 (cf. n.8). 


the increment actually 16;25", this would make the interval 41,38, 1:41,2,30°, leading to 
0;27,41,40,/8,46,32%, which is even more discrepant. 

* But see p. 479 n.21. The interval, which Ptolemy rounds to integer days, should probably be 14 
or 13 hours less. These corrections lead to daily motions of 0;36,59,25,51,56.24° and 
0;36,59,25,52,29,19°, of which the second is much closer to, but still not identical with. the 
tabulated daily motion. 

> Applying the equation of time of -23 mins. to Ptolemy’s observation, i.e. taking the increment 
as 13:7", instead of 134, leads to a daily motion of 3;6,24,7,3,2°, which is even more discrepant. 

° Assuming that we correct the interval for Venus as in n.4. 

In case anyone should conjecture that Ptolemy computed the times of the observations more 
precisely than he states (with e.g. corrections for equation of time), I note that in order to get 
Ptolemy's mean daily motion accurate to the sixth sexagesimal fractional place directly from the 
observations, these would have to be recorded to an accuracy of seconds, which is totally implausible. 

® This works well for all planets except Mars (where the text figure, ‘28857;53°" is certainly 
corrupt: I have emended ‘53’ to °43’, but ‘42° would give perfect agreement with the above 
hypothesis) and Mercury, where ‘+1 30°” should rather be ‘+1;3°.’ But, rather than emending to*} 35" 
(which is possible), we can regard ‘130"” as simply a small inaccuracy. : 
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Q 41,30,52 x (5 x 360) + 25,35,38:25 = 4839-40,5,19. ..* or (rounded) 
2919:40°, as in IX 3.9 

§ 40,50,13;33,45 x (145 x 360) + 2,6,52,6;53 = 4,40,2;24,1. . . or (rounded) 
16802;24°, as in IX 3. 


From these ‘corrected period relations’ the mean daily motions can now be 
derived: 


h 20520° in 21551;18° leads to 0;57,7,43,41,43,39,41. . .%, in agreement with 
[1]. 

Y. 23400° in 25927:37° leads to 0;54,9,2,42,55,52. . .%, in disagreement with 
[2], and worse than [2a]. 

6 13320° in 28857:41" leads to 0;27.41,40,78,39,12. . .%, in disagreement with 
[3], and worse than [3a].'° 

@ 1800° in 2919;40" leads to 0;36,59,25,53,11,27,36. . .%, in agreement 
with [4}."! 

8 52200° in 16802;24" leads to 3;6,24,6,59,35,49,55. . .%, in agreement 
with [5]. 


Thus, perverse as this procedure may appear, it could theoretically be used to 
derive Ptolemy’s mean motions for Saturn, Venus and Mercury. However, it 
fails miserably for Jupiter and Mars, which casts doubt on the validity of this 
explanation in general. 

Let us suppose, instead, that Ptolemy found his mean daily motions by some 
other method. Then the equivalences ‘Saturn travels 20520° in 21551;18" etc. 
can he directly derived by division of 20520 by 0;57,7,43,41,43,40, etc.,!? and 
the pairs of observations in IX 10 etc. are simply used as a check. E.g. for Saturn 
Ptolemy found from the observations an increment of 351;27° in 364° 2193". 
From the mean motion tables one finds, for the latter interval, 351;26,59°. The 
corresponding numbers for the other planets are: 


2 377 128% -1" observations 105;45° tables 105;45,48° 
& 410° 231% observations 61;43° tables 61:42,55° 

© 409° 167° observations 338;25° tables 338;27,48°! 
% 402° 283° 135° observations 246;53° tables 246;53,28°. 


Thus the observations can in every case be regarded as justifying the mean 
motions used, within the accuracy attainable. On this assumption, Ptolemy had 
derived his mean motions from some other source, and simply did not bother to 


® Taking an interval 1z or 13 hours less (see n.4) makes no difference to the first sexagesimal 
fractional place. 

Taking the sexagesimal fraction of the day as 42,43 or 53 (cf. n.8) produces a progressively 
smaller mean daily motion and progressively greater disagreement. 

‘Tt is interesting that this quotient lies almost exactly in the middle between the mean daily 
motion which Ptolemy gives explicitly (28 in the last sexagesimal place) and that underlying the 
sections for years and 18-year periods in the mean motion tables (27 in the last sexagesimal place, cf. 
p. 425 n. 29). Is this an indication of incomplete revision? 

!2 Mars is still a problem here, since this method also produces 28857;41° (cf. n.8). 
13 For an interval 13” less (cf. n.4) one finds from the tables 338;25,30°, in agreement with the 
result from the observations. 
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change them on the basis of the observations he quotes (in this he was absolutely 
justified, since, as we saw above, an interval of 400 years is insufficient to 
guarantee more than 4 sexagesimal fractional places; he was not of course 
justified in concealing it from his readers). 

This still leaves unexplained the basis of the actual mean motions. One might 
conjecture that they were derived from observations made over a shorter period 
(e.g. between Hipparchus and Ptolemy). It is easy to find, by Diophantine 
analysis, plausible intervals in time and longitude which produce the exact 
numbers, e.g. for Mars a motion in 274 189:16° of 128 revolutions plus 169;32° 
leads to a mean daily motion of 0;27,41,40,19,20,57,59%. But in the absence of 
any evidence for such observations by Hipparchus this remains mere arith- 
metical juggling, and we must admit that the origin of these numbers, at least 
for Jupiter and Mars, and probably for all the planets, remains unknown.’* 


ie wares : ne ey : : ; ‘ 

An alternative conjecture is that the mean motions were indeed derived from the quoted 
observations, but by applying a ‘correction’ to an earlier (?Hipparchan) mean motion, in the same 
way as the mean motion in lunar anomaly was corrected in IV 7 (and in lunar latitude in the 


Canobic Inscription). But since no such mean motion is mentioned by Ptolemy, the details would be 
irrecoverable. 
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This index contains all instances of proper names occuring in the book, with the following 
exceptions: purely bibliographical references, kings in the king-list (p. 11) not mentioned elsewhere, 
trivial occurrences of ‘Ptolemy’, ‘Heiberg’ and ‘Manitius’, month names, signs of the zodiac, 
constellations, named stars (although certain observations involving Regulus, Spica and other stars 
are included), and trivial mentions of the planets, sun and moon. It is also a subject index, but is 
highly selective both in the topics listed and in the references to those topics, However, it does 
include all observations recorded in the Almagest, listed under the body (e.g. Mars) or event (e.g. 
equinoxes) concerned, with the date in the Julian calendar and the observer or place of observation. 


Achilles, Isagoge, 19 

Adulitic gulf, parallel through, 84, 84 n.29 

‘advance’, 16; meaning of, 20, 340 n.93, 344 
n.110 

“Aeon-tables’, 137 n.18, 420 n.6, 422, 422 n.12 

aether, 36 n.8, 40; cf. 600 11.15 

Agrippa, observation of occultation by, 334, 
334 n.68 

Alexander of Abonouteichos, 38] n.60 

Alexander of Macedon, 11; death of, era, 10 
n.16, 138(quater), 138 n.20, 154, 168, 227, 
235 O02 mo 22 

Alexandria: Ptolemy worked at, 1; libraries at, 
1, 421 n.10; Almagest studied at, 2; 
meridian through, 225, 225 n.16, 337 n.78: 
used as norm, 130, 130 n.109, 169, 191, 
192, 207, 208, 212, 213, 237, 253, 282, 305, 
310, 334-5, 335 n.70, 337, 338, 650, 652, 
654, 655, 657, 659; equatorial rings at, 133, 
133 n.7, 134; Square Stoa at, 133, 133 n.7; 
Palaestra at, 133 n.7, 134; latitude of 
30;58°, 247, 248; seasonal hours at, 283; 
observations at': by Timocharis, 12, 334, 
334 n.67, 335, 336, 337; by Ptolemy, 198, 
223, 247, 247-8, 328, 461, 475, 520, 538; 
?by Cheon, 206 n.54; by unknowns, 134, 
134 n.9, 214, 215, 283 

Almagest: date of, 1; Greek name of, 1, cf. 546 
n.48; importance of, 2; a standard text- 
book, 2; mediaeval translations of, 2, 3; 
origin of name, 2; ?Pahlavi translation of, 
2; printed editions of, 3; manuscript 
tradition of, 3-4, 24; interpolations in, 5, 
17, 219 n.5, 22) n.8, 235 n.28, 245 n.41, 
252 n.55, 269 n.83, 282 n.16, 294 n.47, 313 
n.74, 314 n.78, 315 n.79, 442 n.37, 447 


n.47, 516 n.9, 587 n.90, 593 n.97, 597 n.5, 
598 n.6; chapter headings and divisions in, 
5, 24, 27 n.1, 131 n.1, 251 n.50; structure 
of, 5-6, 37-8; mathematical methods in, 
6-9; chronology in, 9-14; time-reckoning 
in, 23; didactic purpose of, 546 n.48. 
See also errors, computational; star cata- 
logue 

almanac, perpetual, 140 n.27 

Ammisaduqa, Venus tablets of, 166 n.59 

Gupioktoc, 82 n.24 

‘ancient astronomers’, 131, 175, 175 (‘even 
more ancient’), 252 n.51 (‘more ancient’) 

anomaly, various meanings of, 21. See also 
moon; planets 

Antares, used as sighting-star, 450, 473 

Antinous, 357, 357 n.160 

Antioch, school at, in late antiquity, 2 

antipodes, 75 n.1, 294, 294 n.47 

Antoninus, Roman emperor, 1, 11, 138, 223, 
328, 449, 450, 456(ter), 461, 469, 473, 474, 
484, 499, 507, 519, 520, 538, 540; first year 
of reign, epoch of Ptolemy’s star catalogue, 
1, 328, 340, 406, 477, 502, 522 n.17 

apogee: Greek terms for, 22; mean, defined, 227. 
See also moon; planets; sun 

Apollonius of Perge: knew equivalence of 
eccentric and epicyclic hypotheses for 
planets, 144 n.32, 556 n.3; lemma of, for 
stationary points, 555; preliminary lemma 
of, 558 

‘Apollonius, Circle of , 556 n.3 

Apseudes, Athenian archon, 138(bis) 

Aratus, Phaenomena, 348 n.121, 349 n.130, 350 
n.134, 358 n.165, 384 n.77, 391 n.114; 
scholion on, 15 n.27 


'Only those observations in which Alexandria is specifically mentioned are recorded here; there can be no 
doubt that e.g. all of Ptolemy’s observations were made there. 
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Arbela, lunar eclipse of -330 Sept. 20 observed 
at, 75 n.3 

Archimedes: theorem of, used for Ptolemy’s 
chord table, 52 n.60; observations of sol- 
stices by, mentioned by Hipparchus, 133; 
limits for x found by, 302, 302 n.60; order 
of planets according to, 419 n.1 

arcus visionis: for fixed stars, 413, 413-15; for 
planets, 639-40 

area digits, 302-5, 302 n.59 

Aristarchus of Samos: heliocentric hypothesis 
of, 44 n.41; solstice observed by, 137, 137 
n.19, 138, 139 

Aristotle: associated with Kallippos, 12; men- 
tioned in Almagest, 35; physics of, 36 n.8; 
Metaphysics 1026a18ff., 35 n.7; Meteorologica 
342b34, 644 n.78; mentioned, 36 n.9 

Aristyllos: fixed-star observations of, used by 
Hipparchus, 32!; star declinations ob- 
served by, 331, 332 

armillary ring. See equatorial armillary 

armillary spheres, 43, 43 n.36. See also ‘astrolabe’ 

ascensional difference, 95 n.76 

Astaboras, river, 84 n.30 

Astopus, river, 84 n.30 

dotrp, meaning of, 21 

‘astrolabe’ (armillary sphere) 43 n.36; construc- 
tion of, 217-18, 217 n.1; observation with, 

219, 219'n.4, 224, 224 n.11), 327-8, 328 
Mol, SRL eel) muti, GPs Gee) msil7/. 
449(bis), 456, 461, 474, 484, 499, 507, 520, 
525, 538; advantages of, 453; ?not used by 
Hipparchus, 227 n.20 

astrolabe (‘small astrolabe’), 217 n.1 

astrology, terms in, 407 n.185, 407 n.187, 408 
n.190 

‘astronomical’ dating, 9 n.11 

astronomy, Babylonian, 90 n.70, 175 n.7, 176 
n.10, 224 n.14, 322 n.5, 374 n.13, 423 n,19, 
669. See also observations, Babylonian 

astronomy, early Hellenistic, 82 n.20 

astronomy, Indian, 82 n.20, 224 n.14, 420 n.6, 
422 n.12 

Athenaeus, 374 n.13 

Athens, school at, in late antiquity, 2; archons 
at, used for dating, 12 n.18, 138(bis), 211, 
Z12e 25 

Augustus, Roman emperor, 11, 14; era of, 
168 

Autolycus of Pitane, 6, 407 n.189 

Avalite gulf, parallel through, 84, 84 n.27, 100 

Avienius, translation of Aratus by, 348 n.12] 


Babylon: longitudinal difference of, from 
Alexandria, 191, 191 n.31, 207, 208; place 
of observation according to Ptolemy, 191, 
192, 206, 208, 211, 212, 213, 253; latitude 
of, 212 n.64, 638 n.65 

Babylonians: inventors of sexagesimal system, 
6. See also astronomy; calendar; obser- 
vations 
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Bayer, Uranometria, 15 

Berenice, lock of, 368 n.223 

Bithynia, 134 n.9, 334, 334 n.69, 335 n.70; 
calendar of, 14, 334, 334 n.68 

Bockh, A., 14, 451 n.63, 502 n.63 

Borysthenes, river: parallel through mouths of, 
87, 87 n.49, 102, 122, 129, 285, 315; 
meridian through, 225 n.16 

Brahe, Tycho, 3 

Brigantium: parallel through, 88; identification 
of, 88 n.59 

Brittania, Great, parallels through, 88, 88 n.59, 
103 

Brittania, Little, parallels through, 88, 88 n.59, 
88 n.63 

Britton, J., viii, 135 n.12, 334 n.64 

Byzantium, meridian through, 225 n.16 


Calcidius, 257 n.66 

calendar, Babylonian, 13, 452(bis), 541 

calendar, Bithynian, 14, 334, 334 n.68 

calendar of Dionysius, 13-14, 450(bis), 451, 
452, 464, 502, 502 n.63, 522 

calendar, Egyptian, 9, 10, 12, 13, 276 n.5; used 
by Hipparchus, 13, 212, 214 n.72, 215 n.74, 
224, 227, 230, 284, 421 n.1l. See also 
Nabonassar, era of 

calendar, Julian, 14 

calendar, Kallippic, 12. See also Kallippic Cycles 

calendar, Metonic, 12, 12 n.18, 211] n.63 

Callimachus, Aetia fr. 10, 368 n.223 

Canobic Inscription: earlier than Almagest, 1; 
lunar mean motion in latitude in, 205 n.51, 
672 n.14; differences from Almagest in, 206 
n.52 

Canon Basileon, 10, 11, 340 n.91 

Carthage, lunar eclipse of -330 Sept. 20 
observed at, 75 n.3 

Caturactonium, parallel through, 88, 88 n.60 

centrum, meaning of, 22 

Cepheus myth, 346 n.115 

‘Chaldaeans’, 13, 452(bis), 541 

xNAat, consistently used by Ptolemy for constel- 
lation ‘Libra’, 371 n.1 

chord: no specific name for in Greek, 17; cal- 
culation of, 48-56, 48 n.50; of half-angle, 50 
n.59, 52 n.60; of third-angle cannot be 
found geometrically, 54, 54 n.63; of 1°, 54- 
6 

chord table, 57-60; norm of, 48, 48 n.51; 
accuracy of, 57 n.68. See also trigonometry 

chronology, 9-14. See also calendar 

clima (KAipa): explained, 19, 42 n.32; the 7 
climata, 19, 86 n.42, 87 n.50, 122 n.106, 
286 n.25, 315 

colure, 83, 217; explained, 19 

Conon, mathematician and astronomer, 368 
n.223 

constellations. See star catalogue 

Copernicus, 3 

cosmology, 38-47 
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cubit, as astronomical measurement, 322 n.5, 
453 n.70 

culminating point, computation of, 104, 650 

culmination, explained, 19, 408 

cycles, calendaric. See Kallippic Cycles; Meton 


Darius I, king, 11, 206, 208 

day: various meanings of, 23, 169-70; epoch of, 
astronomical, 12, 170; epochs of, civil, 12; 
length of, computation of, 99, 649-50 

day, longest, used to characterise terrestrial 
latitude, 76-9, 83-9, 285, 638 

deferent, meaning of, 21 

‘demi degrees’, 8, 9, 26 

digit, as astronomical measurement, 322 n.5. 
See also area digits 

Dio Cassius, on Hadrian and Antinous, 357 
n.160 

Diodorus of Alexandria, Analemma, 62 n.72 

Dionysius, astronomer, 450 n.59, 452 n.66. See 
also calendar of Dionysius 

Dionysus, 394 n.129 

dioptra: Heronic, 227 n.20; four-cubit, 252, 252 
n.52 

Domitian, Roman emperor, 11, 334 

‘double dates’, 12 

d5pdp0c, meaning of, 177 n.14, 224 n.14 

duration of totality, 296, 296 n.53, 300-1; Greek 
term for, 22 


earth: sphericity of, 40-1; central position of, 
41-2; negligible size of, in relation to 
heavens, 43; motionless, 43-5; axial rotation 
of: denied by Ptolemy, 45; affirmed by 
others, 44 n.41 

Eboudae, islands, parallel through, 89, 89 n.65 

eccentre, eccentric, meaning of, 2] 

eccentric hypothesis: explained, 141; equival- 
ence of, to epicyclic hypothesis, 144-5, 144 
n.32, 148-51, 181, 188-90, 211, 556, 556 
n.3; preferred, 153, 442. See also planets, 
eccentric model for 

eccentricity, bisection of: demonstrated for 
Venus, 474 n.12; observational basis for, 
480 

eclipse limits, 277 n.8, 282-7, 287, 289, 290, 290 
n.34, 291. 293 

eclipses: used to show earth’s sphericity, 40; 
used to determine longitudinal difference, 
75; tables for, construction of, 294-305; 
magnitude of, defined, 295; inequality of 
phases of, 309. See also area digits 

eclipses, lunar, 40, 42; simultaneous observation 
of, 75 n.3; basis of lunar theory, 173, 174, 
181; explained, 173; computation o 
305-9, 654; angles of inclination at: 
example, 317; computation of, from table, 
318-20 

eclipses, lunar, intervals between: 6 months, 
287; 5 months, 288-9; 7 months, 289-90 
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eclipses, lunar, observations of: 
-720 Mar. 19 (Babylonian), 166 n.59, 191, 
191 n.30 
-719 Mar. 8/9 (Babylonian), 191, 191 n.32, 
204, 208; used by Hipparchus, 205 n.51, 
309, 309 n.67 
-719 Sept. 1 (Babylonian), 192, 192 n.33 
-620 Apr. 21/2 (Babylonian), 253, 253 
n.56 
-522 July 16 (Babylonian), 253, 253 n.58 
-501 Nov. 19 (Babylonian), 208, 208 n.60; 
used by Hipparchus, 208 
-490 Apr. 25 (Babylonian), 206, 206 n.53 
-382 Dec. 23 (Babylonian), 211-12; used 
by Hipparchus, 211 
-381 June 18 (Babylonian), 212, 212 n.67; 
used by Hipparchus, 212 
-381 Dec. 12 (Babylonian), 213, 213 nn. 
68, 69; used by Hipparchus, 213 
-330 Sept. 20 (in Geography), 75 n.3 
-200 Sept. 22 (Alexandrian), 214, 214 
n.71; used by Hipparchus, 214 
-199 Mar. 19 (Alexandrian), 214, 214 
n.73; used by Hipparchus, 214 
-199 Sept. 11/12 (Alexandrian), 215, 215 
n.74; used by Hipparchus, 215 
-173 May | (Alexandrian), 283, 284 n.21 
-145 Apr. 21 (Hipparchus), 133 n.8, 135, 
135 n.14 
-140 Jan. 27 (Hipparchus), 284, 284 n.23, 
309, 309 n.67 
-134 Mar. 21 (Hipparchus), 135, 135 n.14 
125 Apr. 5 (?Theon), 206, 206 n.54 
133 May 6 (Ptolemy), 198, 198 n.39 
134 Oct. 20 (Ptolemy), 198, 198 n.40, 
205, 205 n.51 
136 Mar. 6 (Ptolemy), 198, 198 n.41 
eclipses, solar: affected by parallax, 40 n.29, 
174, 243, 310; of -189 Mar. 14, used by 
Hipparchus, 244 n.38; annular, possible 
according to Hipparchus, 252 n.53; inter- 
vals between: 6 months, 287; 5 months, 
290-1; 7 months, 291-3; | month, 293-4; 
computation of, 310-13, 654-7; inequality 
of phases in, 312-13; angles of inclination 
at: example, 317; computation of, from 
tables, 318-20, 657; of 364 June 16, 
observed by Theon of Alexandria, 654-7. 
See also parallax, lunar; parallax, solar 
ecliptic: Greek terms for, 20; explained, 46-7; 
obliquity of: determined, 61-3, 61 n.69; 
according to Eratosthenes and Hipparchus, 
63, 63 n.75 
Egypt: observation of phases in, 638; lower, 
parallel through, 85, 101, 125, 638 n.65. 
See also calendar, Egyptian 
elongation, meaning of, 22 
emersion, meaning of, 22 
Empedocles, 40 n.26 
enlargement of heavenly bodies near horizon, 
apparent, 39 n.24 
épantic, meaning of, 374 n.13 
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Epicurus, Epicureans, 38 n.22, 39 n.23 
epicyclic hypothesis: explained, 141, 144, 
191 (for moon); equivalence to eccentric 
hypothesis, 144-5, 144 n.32, 148-51, 
188-90, 211, 556, 556 n.3; preferred, for 
moon, 181, 190; preferred, for planets, 442 
epiparallax, 295; computation of, 310-11, 311 
n.71, 656 
Emionpaciar, 283 n.18, 302 
epoch: of day, astronomical and civil, 12, 170; 
of Seleucid era, 13 
Emdpeva, Eic Ta, explained, 20 
equant: introduced on basis of trial and 
application, 422 n.15; origin of, 474 n.12, 
480 n.24 
equation, astronomical meaning of, 21-2, 147 
n.36 
equation of time: reason for, 169-70; maximum, 
170-1; computation of, 171, 172 n.70, 230 
n.23, 281, 281 n.11, 461 n.93, 475 n.15, 479 
fn4, Gishe foley, HIS) Tesi, PAN) tele, GH 
n.3l, 651-2 
equator, celestial, defined, 19, 41, 45, 45 n.44 
equator, terrestrial, parallel through, 82, 291, 
292 
equatorial armillary, 133, 133 n.7, 134, 134 
n.12 
e¥uinoctial points, defined 47 
equinox, position of within zodiacal signs, 90, 
90 n.70 
equinoxes, precession of. Sze precession 
equinoxes, autumnal, observations of: 
-161 Sept. 27, 6 p.m., 133, 133 n.8 
-158 Sept. 27, 6 a.m., 133, 133 n.8 
-157 Sept. 27, noon, 133, 133 n.8 
-146 Sept. 26/7, midnight (Hipparchus), 
133, 138 
-145 Sept. 27, 6 a.m. (Hipparchus), 133 
-142 Sept. 26, 6 p.m. (Hipparchus), 133 
132 Sept. 25, 2 p.m. (Ptolemy), 168 
139 Sept. 26, 7 a.m. (Ptolemy), 138, 138 
n.21, 154, 154 n.47 
equinoxes, spring, observations of: 
-145 Mar. 24, 6 a.m. (Hipparchus), 134, 
1355138 
-145 Mar. 24, 11 a.m. (Alexandrian), 134 
-144 Mar. 23, noon (Hipparchus), 134 
-143 Mar. 23, 6 p.m. (Hipparchus), 134 
-142 Mar. 23/4, midnight (Hipparchus), 
134 
-141 Mar. 24, 6 a.m. (Hipparchus), 134 
-140 Mar. 23, noon (Hipparchus), 134 
-134 Mar. 23/4, after midnight (Hip- 
parchus), 134, 135 
-133 Mar. 24, 6 a.m. (Hipparchus), 134 
-132 Mar. 23, noon (Hipparchus), 134 
-131 Mar. 23, 6 p.m. (Hipparchus), 134 
-130 Mar. 23/4, midnight (Hipparchus), 
[Sie 
-129 Mar. 24, 6 a.m. (Hipparchus), 134 
-128 Mar. 23, noon (Hipparchus), 134 
-127 Mar. 23, 6 p.m. (Hipparchus), 134 
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140 Mar. 22, 1 p.m. (Ptolemy), 138, 154, 
154 n.47 

eras. See Alexander of Macedon; Augustus; 
Nabonassar; Philip; Seleucid 

Eratosthenes: determined arc between solstices 
as # of the circle, 63, 63 n.75; Geography of, 
63 n.75; standard meridian of, 225 n.16; 
order of planets according to, 419 n.] 

Eratosthenes, pseudo-, 348 n.121 

errors, computational, in Almagest, 130 n.108, 
211 n.62, 230 n.23, 237 n.30, 242 n.36, 254 
n.60, 254 n.61, 284 n.23, 302 n.61, 305 
n.63, 333 n.63, 334 n.64, 335 n.70, 336 
n.75, 337 n.79, 570 n.40, 570 n.42, 574 
n.52, 580 n.70, 580 n.71, 596 n.102, 608 
n.32 

éonépav, mpdc, peculiar sense of, 600 n.13 

Eternal Tables. See Aeon-tables 

étepdoKtoc, 82 n.24, 85, 85 n.36 

Euandros, Athenian archon, 213 

Euclid: Elements, 2, 6, 24; 1 4, 447 n.47; 118, 147 
n.37; 119, 147 n.37; IE 5, 489 n.43; II 6, 48 
n.52, 197 n.38; III 3, 558 n.4; HI 7, 455 
n.80; IIT 8, 559 n.9; IIT 14, 447 n.46; III 15, 
559 n.10; HI 27, 556, 561 n.13; ILI 35, 489 
n.42; III 36, 196 n.37; IV 15, 49 n.55; VI 
Def.3, 49 n.53; V1.1, 55 n.65, 559 n.7; V13, 
54 n.64, 55 n.66; VI 8, 52 n.61, 148 n.38; 
XIII 9, 49 n.54; XIII 10, 49 n.56; Data: 6, 
545 n.43; 7, 67 n.79; 8, 159 n.51, 545 n.42, 
545 n.43; 40, 159 n.50, 545 n.42; 43, 159 
n.52; Phaenomena 6 

Eudoxus, defined colures, 19 

‘Eudoxus’ papyrus, 177 n.14 

Euktemon, 137, 137 n.19, 138, 139 

eUtovoc, meaning of, 405 n.180 

‘Exeligmos’, lunar period, 175, 175 n.8 

extreme and mean ratio, 49, 49 n.53 


‘fixed’ stars: terminology, 43, 43 n.35, 321; 
relative positions of unchanged, 321-7; 
alignments of observed: by Hipparchus, 
322-4; by Ptolemy, 325-7; declinations of 
observed: by Timocharis and Aristyllos, 
331, 332; by Hipparchus, 331, 332; by 
Ptolemy, 331, 332. See also occultations; 
phase; precession; star catalogue 

Fortunate Isles, prime meridian of Geography, 
130 n.109 

fractions, Greek, 7; awkwardness of, 48 


Galen: used Hipparchus’ works, 1; on Seven- 
month Children, 1 n.1; Commentary on 
Hippocrates’ Airs Waters and Places, \n.1,2 
n.2; alleged mention of Ptolemy an inter- 
polation, 2 n.2; On his own Books, 139 n.25 

Gemuinus, 175 n.8 

geography, Hellenistic, 82 n.20 

Gerard of Cremona, translation of Almagest 
by, 3, 4 
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Germanicus, translation of Aratus by, 348 
n.121; scholion on, 350 n.131 

globe. See star-globe 

Glykon, serpent, 381 n.60 

gnomon: mentioned by Ptolemy, 42, 43, 80; 
shadow of, used to characterise terrestrial 
latitude, 76, 80-2, 82 n.20, 82-90; in- 
accuracy of this, 82 

Goldstein, B. R., 8, 419 n.2 

Greece, observation of phases in, 638 


Hadrian, Roman emperor, 11, i168, 198(ter), 
204, 247, 449(bis), 454, 455, 456(bis), 469, 
470(bis), 471 (bis), 472, 484(bis), 507(bis), 
525(ter), 537, 651; and Antinous, 357 
n.160 

Hajjaj, al-, Arabic translation of Almagest by, 
2, 4, 49 n.57, 327 n.49, 334 n.66, 348 n.123, 
364 n.193, 379 n.47, 442 n.37, 597 n.4 

Halma, N., vii, 224 n.14, 250 n.48, 451 n.63 

Hamilton, Norman T., 1, 205 n.51, 206 n.52 

Handy Tables, 2 n.2, 10, 10 n.16, 140 n.28, 237 
n.30, 276 n.4, 292 n.44, 295 n.50, 546 n.48, 
596 n.102, 654 

Hasan, al-, ibn Quraysh, translated Almagest 
into Arabic, 2, 341 n.96 

Hebudae, islands 89 n.65 

IHewseng JM 3; 49249282, 202 n.46; 
250 n.48, 252 n.51, 283 n.19, 315 n.82 

Hellespont, paralle! through, 86, 86 n.42, 102, 
127 

Hephaestion, astrologer, 374 n.13 

Heraclides of Pontos, 44 n.41 

Hercules, identified with éyyovaotv, 348 n.121 

Hermes, legend of, 349 n.130, 350 n.131 

Heron of Alexandria: dioptra of, 227 n.20; 
Dioptra, 337 n.78; Belopoeica, 405 n.180; 
Mechanics, 405 n.180; Pneumatica, 405 n.180 

Hervagius, produced editio princeps of Greek 
Almagest, 3 

Hipparchus: astronomical works of, lost, 1; used 
Kallippic Cycles inconsistently, 13, 214 
n.72, 224 n.13; used Egyptian calendar, 
13) 212) 214.72, 215.74, 224, 227, 230, 
284, 421 n.11; Commentary on Aratus by, 
15, 19, 63 n.75, 322 n.5, 361 n.172, 365 
n.204, 374 n.13, 391 n.114, 402 n.170; 
chord table of, 52 n.60; used Eratosthenes’ 
value for arc between the solstices, 63, 63 
n.75; treatise on geography by, 63 n.75; on 
length of year, 131, 132, 135, 139; 
discovered precession, 131, 321, 321 n.2; 
errors attributed to by Ptolemy, 132, 135, 
136, 178-9, 205, 211, 213, 215, 268, 
309-10; observations of equinoxes by, 133, 
134, 135, 137-8; did not observe at 
Alexandria, 134 n.9; observations of lunar 
eclipses by, 135, 284 n.23, 309, 309 n.67, 
327; a ‘lover of truth’, 131, 136, 421; 
assumed only one anomaly for sun and 
moon, 136, 309 n.68; observations of Spica 
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at lunar eclipses, 135, 327; showed that 
tropical year is less than 3654 days, 136, 
139; thought predecessors’ solstice obser- 
vations crude, 137; used solstice observa- 
tions of Meton and Aristarchus, 139; 
solstice observation of, 139; determined 
sun’s eccentricity and apogee from season- 
lengths, 153; season-lengths according to, 
153, 156; determination of lunar mean 
motions by, 175-6, 176 n.10, 178, 192 n.34, 
309-10; dependence on Babylonian 
astronomy, 176 n.10, 322 n.5, 423 n.19, 
670; use of 5pdpoc by, 177 n.14, 224 n.14; 
lunar eclipses used by, 178 n.17, 205 n.51, 
Adis}, ZAI, 2, PME), PHlEL Pale eine), shez 
determined lunar anomaly from 3 eclipses, 
181, 181 n.24, 192 n.34, 215 n.75; 
discrepancies in his method of so doing, 
211-15; method of finding mean motion 
and epoch in lunar latitude, 205, 205 n.51, 
309-10; apparent diameter of moon and 
shadow according to, 205, 252, 252 n.53, 
252 n.54; lunar observations by, outside 
syzygies, 217, 217 n.2, 220, 224, 225, 225 
n.17, 227, 227 n.20, 230; suspected in- 
adequacy of simple lunar hypothesis, 217 
n.2; used 248-day lunar anomaly period, 
224 n.14; computations of parallax by, 
224, 227, 227 n.21, 230, 230 n.22; adopted 
standard meridian from Eratosthenes, 225 
n.16; used era of death of Alexander, 227, 
230; found maximum latitude of moon as 
5°, 237; used solar distance to find lunar 
distance, 243; used solar eclipse to find 
lunar distance, 244, 244 n.38; ?found lunar 
distance as 59 earth radii, 251 n.49; 
criticised ‘ancient astronomers’, 252 n.51; 
observed apparent diameters with 4-cubit 
dioptra, 252; invented geometrical 
method of finding solar and lunar distances, 
254; parallax procedure of, 268, 268 n.82; 
investigated eclipse intervals, 294 n.47: 
uncertain about amount ot precession, 
321, 328; reliability of fixed-star obser- 
vations of, 321; at first restricted preces- 
sional motion to zodiacal stars, 322, 329, 
observations of star alignments by, 322-5, 
322 n.3, 322 n.4, 324 n.26, 324 n.27; 
celestial globe of, 327, 327 n.48; longitudes 
of fixed stars recorded by, 327, 330 n.56; 
observation of Regulus by, 328; concluded 
that precession takes place along the 
ecliptic, 329; considered observations of 
‘school of Timocharis’ crude, 329; records 
of star positions by, 330, 330 n.56; star 
declinations observed by, 331, 332, 333; 
265-year interval between his and Ptolemy’s 
fixed-star observations, 333; differences 
from Ptolemy in describing constellations, 
340, 340 n.94, 361; ?planetary observations 
of, 420 n.7, 672; did not construct a 
planetary theory, 421; showed that con- 
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temporary planetary hypotheses were 
wrong, 421; ‘computed’ planetary periods, 
423, 423 n.19; mentioned, 29 
Hipparchus: works mentioned in Aimagest: 
‘On the displacement of the solsticial and 
equinoctial points’, 132, 321 n.2, 327, 
329; quoted, 133, 327 
‘On the length of the year’, 139(bis), 328, 
329; quoted, 139, 328 
‘On intercalary months and days’, 139; 
quoted, 139 
catalogue of his own writings, 139 n.25; 
quoted, 139 
‘On sizes and distances’, 244 n.38, 257 n.66 
‘On parallaxes’: Bk. I, 268; Bk. II, 268 
compilation of planetary observations, 420 
n.7, 421 n.9, 421, 421 n.11, 452, 452 n.66 
horoscopic degree, computation of, 104, 650 
‘horoscopic instrument’ 217 n.1 
hours, equinoctial, 23; conversion of, to civil 
hours, 104 
hours, seasonal or civil, 23; computation of 
length of, 99, 649-50 
Hyades, bright star in (« Tau), used as sighting- 
star, 449(bis), 449 n.54, 454, 454 n.78, 456, 
473, 520, 538 
hypothesis, meaning of in Almagest, 23-4 
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Ideler, J. L., 13, 214 n.72, 224 n.13, 451 n.63 

immersion, meaning of, 22 

inhabited world. See 61kovpévyn 

instruments, observational, 61-3, 61 n.70, 
133, 133 n.7, 134, 134 n.t2, 217-19, 227, 
244-6, 252: errors due to, 132, 134. See also 
‘astrolabe’ 

interpolation, coefficient of, 235-7, 260-4, 546- 
8, 622 n.41, 631. See also Almagest, inter- 
polations in 

Ishaq ibn Hunayn, Arabic translation of 
Almagest by, 2, 4, 315 n.81, 342 n.99, 366 
n.2]1, 392 n.122 

Istros, river, parallel through, 87, 87 n.48 


Jupiter: period and mean motions of, 424, 522- 
5, 669-72; alleged occultation of star by, 
522, 522 n.16, 658; retrograde arcs of, 569- 
72; northern limit of eccentre of, 598; ob- 
servational basis of latitude theory of, 604; 
arcus visionis of, 639 

Jupiter, observations of: 
~240 Sept. 4 (?Dionysius), 522, 522 n.16, 
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133 May 17 (Ptolemy), 507 
136 Aug. 31 (Ptolemy), 507 
137 Oct. 8 (Ptolemy), 507 
139 July 11 (Ptolemy), 520 


Kallippic Cycles 12-13, 139 n.24, 214 n.72; 
lite, 4, BY, eK) Bi, HID, Sle, Seize 
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Second, 12, 214(bis), 215; Third, 12, 133, 
134, 135, 137, 138, 139, 224, 284, 309, 328 

Kallippos, 12; length of year according to, 139, 
mentioned by Hipparchus, 139. See also 
calendar; Kallippic Cycles 

Kambyses, king, 11, 208, 253 

KatadAdunetv, 414 n.209, 470 n.8 

Kévtpa, astrological meaning of, 408 n.190 

Kepler, 3 

Keskinto, inscription of, 422 n.12 

king-lists. See Canon Basileon 

KAipa@. See clima 

KOAANOIG, astronomical meaning of, 407 n.187 

KOAAdpofov, 346 n.118, 383 n.69 

Kunitzsch, P., 2, 4, 403 n.172 


lathe, used for instrument-making, 61, 217, 405 
latitude: various meanings of, 19, 329 n.55; 
meaning ‘latitude or declination’, 21 
latitude, terrestrial, 75 n.4, 82, 82 n.22. See also 

clima 
Lepsius, R., 502 n.63 


Maiotic lake, parallel through, 87, 87 n.51 

Ma’mun, al-, Caliph, Almagest translated 
under, 2 

Manitius, K., vii, 3n.7, 7, 14, 15, 16, 20, 75n.1, 
13onG. 135 nl osm toe Se one 
n.9) 22445250 mabe Zor noone) a eo 
275 n.3, 451 n.63, 631 n.53 

Mardokempad, king, 10, 11, 166.59, 191 (bis), 
192, 204(bis), 309 

Mars: period and mean motions of, 424, 484 
n.33, 502-4, 669-72; occultation of star by, 
502, 502 n.63; retrograde arcs of, 572- 
5; northern limit of eccentre of, 597 n.5, 
598; observational basis of latitude theory 
of, 603; arcus vistonis of, 639 

Mars, observations of: 
-271 Jan. 18 (?Dionysius), 502, 502 n.63, 

505 n.67 

130 Dec. 15 (Ptolemy), 484 
135 Feb. 21 (Ptolemy), 484 
139 May 27 (Ptolemy), 484 
139 May 30 (Ptolemy), 499, 657-8 

Massalia, parallel through, 86, 86 n.44 

padypatiKoi, meaning of, 139 n.26 

mean motions, validity of, 137, 137 n.18 

mean speed, position of in epicyclic/eccentric 
hypothesis, 146, 146 n.35 

Medusa, 352 n.140 

Menelaus, mathematician and astronomer, 18, 
69 n.84; chord table of, 50 n.59; used 
tpinAevpov, 80 n.14; observations of eccul- 
tations by, 336, 338 

Menelaus Configuration, 18, 69 n.84 

Mercury: changes in Ptolemy’s hypothesis for, 
206, 206 n.52; transits of, 419 n.2: lack of 


)s 
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parallax for, 419-20, 420 n.4; special 
model for, 422 n.16. 444-5, 591 n.95: 
period and mean motions of, 424, 461-7, 
467 n.104, 669-72; apogee of, 449-53, 453 
n.74, 454; called Stilbon, 450, 450 n.59, 
464; double perigee of, 454-6; maximum 
elongation of, 454 n.76; computation of 
least distance as 55;34°, 460, 460 n.89, 546; 
retrograde arcs of, 578-81; ‘missing phases’ 
of, 591, 641, 644-5; inclination of eccentre 
of, 598; observational basis of latitude 
theory of, 601-2, 625; arcus visionis of, 640 
Mercury, observations of: 
-264 Nov. 15 (?Dionysius), 
n.99 
-264 Nov. 19 (?:Dionysius), 464 
-261 Feb. 12 (?Dionysius), 450, 659 
-261 Apr. 25 (?Dionysius), 450-1 
-261 Aug. 23 (?Dionysius), 452 
-256 May 28 (?Dionysius), 451-2 
-244 Nov. 19 (Babylonian), 452 
-236 Oct. 30 (Babylonian), 452 
130 July 4 (Theon), 456 
132 Feb. 2 (Ptolemy), 449, 455 
134 June 4 (Ptolemy), 449, 456 
134 Oct. 3 (Ptolemy), 454 
135 Apr. 5 (Ptolemy), 454 
138 June 4 (Ptolemy), 449-50, 456 
139 May 17 (Ptolemy), 461 
139 July 5 (Ptolemy), 456 
141 Feb. 2 (Ptolemy), 450, 456 
meridian, defined, 19, 47 
meridian line, 62, 62 n.72 
meridian ring, 61-2, 218 
Meroe: parallel through, 84, 84 n.30, 100, 122, 
122 n.108, 123, 285, 315; meridian 
through, 225 n.16 
pleta@pevov, meaning of, 356 n.159 
Meton, 12, 137, 137 n.19, 138; cycle of, 12, 139 
n.24; length of year according to, 139; 
mentioned by Hipparchus, 139, 328 n.53. 
See also calendar 
Miletus, parapegma at, 13, 138 n.22 
Milky Way, location of, 400-4 
month’, meaning of, 175 n.6 
month names: Babylonian, 13 n.22; in Diony- 
sius’ calendar, 14; Egyptian, 9; Macedon- 
ian, 13 
moon: mean motions of, 175-80, 190; epochs of 
these, 204-5, 207-9; periods of, 175-6; 
Ptolemy’s corrections to Hlipparchan mean 
motions of, 179, 179 n.18, 204, 205-7; 
simple hypothesis of, 180-1; second 
anomaly of, 181, 217, 220-2; size of this, 
222-5: determination of maximum anom- 
aly and apogee of: by Hipparchus, 181, 
181 n.24, 211-15; by Ptolemy, 190-203; 
inclination of orbit of neglected, 191, 191 
n.29, 297-8, 298 n.55; determination of 
mean position in latitude, 205-9; apparent 
diameter of: according to Hipparchus, 205, 
252, 252 n.54; found from eclipse observa- 
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tions, 252-4, 283-5; inaccuracies in this, 
254 n.62; computation of true position of, 
233-4; (from tables), 237-9, 652; maxi- 
mum latitude of, 237, 247; size and volume 
of, 257, 257 n.66; velocity, computation of, 
282, 282 n.15, 311; model of compared 
with Mercury’s, 443, 453 n.75; procedure 
for finding anomaly of compared with 
outer planets’, 484; table of, earlier version, 
631 n.53. See also Exeligmos; parallax, 
lunar; ‘Periodic’ 
moon, observations of; 
-127 Aug. 5 (Hipparchus), 224 
-126 Mav 2 (Hipparchus), 227 
-126 July 7 (Hipparchus), 230 
126 or 145 (Ptolemy), 246-7, 247 n.44 
135 Oct. 1 (Ptolemy), 247 
139 Feb. 9 (Ptolemy), 223 
139 Feb. 23 (Ptolemy), 328 
moon, observations of (star occultations): 
-294 Dec. 21 (Timocharis), 337 
-293 Mar. 9 (Timocharis), 335 
-282 Jan. 29 (Timocharis), 334 
-282 Nov. 9 (Timocharis), 336 
92 Nov. 29 (Agrippa), 334 
98 Jan. 11 (Menelaus), 337 
98 Jan. 14 (Menelaus), 338 
moon, observations of (as auxiliary in planetary 
observations): 
138 Dec. 16 (Ptolemy), 474 
138 Dec. 22 (Ptolemy), 538 
139 May 17 (Ptolemy), 461] 
139 May 30 (Ptolemy), 499 
139 July 11 (Ptolemy), 520 
See also eclipses, lunar 
‘moon’ as unit of measurement, 450, 450 n.60, 
451, 464, 470, 470 n.9 
motion, daily, of heavens, 45-7 
motion, natural, 40, 43-4 
motions, primary, 45-7 


Nabonassar, king, 11; era of, 9, 10, 12, 13, 168, 
169, 172, 205, 205 n.49, 205 n.51, 207, 209, 
212(bis), 213, 214, 224, 247, 253, 275, 276, 
277, 283, 284, 334(bis), 335, 335 n.72, 336, 
337(bis), 338, 340, 340 n.91, 450, 451 (bis), 
452(ter), 456 n.84, 461, 464, 467, 477, 479, 
480, 502, 505, 522 n.17, 525, 541, 
543, 651, 652, 654, 655, 657, 658; reason 
for use of this in Almagest, 9, 166, 166 
Tod 

Nabopolassar, king, 11, 253 

Napata, parallel through, 85, 85 n.32 

veopnvia, 275 n.3 

Neugebauer, O., viii, ix, 18, 273 n.87, 405 n.181, 
582 n.76, 637 n.63 

Newton, R., viii, 247 n.44, 669 n.1 

Nicaea, Hipparchus born at, 134 n.9 

‘normal stars’, Babylonian, 453 n.70, 544 n.34 

voyOrHEpov, meaning and translation of, 23 
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observations, See eclipses, lunar; ecuinoxes; 
fixed stars; Jupiter; Mars; Mercury; moon, 
Regulus; Saturn; solstices; sun; Venus 

observations, Babylonian, 9, 12 n.18, 13, 166 
n.59, 191-2, 206, 207, 208, 211, 212, 213, 
253(bis), 253 n.58, 420 n.7, 452(bis), 453 
n.70, 541 n.34, 637 n.64, 638 

occultations. See Jupiter; Mars; moon; Venus 

oiKkovpévy: location of, 75, 82; meaning of 1 
Ka’ Hpac olkovupévn, 75 n.1; different 
oiKovpévai, 294 

oppositions, planetary, technical term for, 484 
in.) 

ortive amplitude 77 n.10 


Pappus: Commentary on Almagest by, 2, 5, 219 
n.5, 244 n.38, 244 n.39, 245 n.41, 246 n.43, 
252m ollp252n92, 252m oo 2Oomogs 70 
n.3, 291 n.39, 292 n.44; Synagoge, 80 n.14, 
405 n.180 

papyri, astronomical, 2 n.2, 10 n.12, 140 n.27, 
177 n.14, 224 n.14, 422 n.12 

papyrus, standard formats of, 56 n.67, 140 n.28 

parallactic instrument: construction of, 244-6, 
244 n.39, 244 n.40, 245 n.41, 246 n.42, 246 
n.43; use of, 246, 247 

parallax, lunar: trigonometry required for, 105, 
130 n.108; errors in determination of, 136; 
complicates lunar observations, 173, 243; 
explained, 173; affects solar, but not lunar, 
eclipses, 173-4, 310; computation of, 223, 
223 n.10, 227, 227 n.21, 264-73, 310-1, 
328, 334, 335, 336(bis), 337, 338(bis), 461, 
461 n.93, 475, 499, 520, 538, 538 n.31, 
652-3, 655-6; theory of, 243-73; observa- 
tion of, 247-8; inaccuracies in, 251 n.49, 
260 n.69, 264 n.73; ‘total’, 258-60; table of, 
260-5; effect on solar eclipse limits, 285-6; 
effect on intervals between solar eclipses, 
290-4; elfect on length of phases in solar 
eclipses, 312-3 

parallax, solar: uncertainty of, 243-4; used by 
Hipparchus to find lunar distance, 243; 
‘total’, 258-60; calculation of, 266, 310-1; 
does not affect solar theory, 267, 267 n.80; 
effect on solar eclipse limits, 285 

Pedersen O., viii, 281 n.12, 282 n.15, 328 n.52, 
624 n.43 

perigee (mepiyeiov): Greek terms for, 22; special 
use of, for Mercury, 22, 461 n.94, 630, 630 
n.50 

TMEplyetotatoc, meaning of, 22, 461 n.94 

NEPLKATAANYWIC, 424 n.22 

‘Periodic’, lunar period 175, 175 n.7 

meptoKioc, 82 n.24, 89 n.67 

Perseus myth, 346 n.115, 352 n.140, 402 n.170 

Petavius, Dionysius, 451 n.63 

Peters-Knobel, 14, 15, 16 

Peurbach, See Regiomontanus 

Phaethon, myth of, 384 n.77 

Phanostratos, Athenian archon, 211, 212 
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phase: meaning of, 22, 407 n.189, 416 n.211; 
phases of fixed stars enumerated, 409-10; 
difficulty of precise determination of, 416, 
420-1. See also eclipses, solar; visibility, first 
and last 

Philadelphos. See Ptolemy Philadelphos 

Philip (Arrhidaeus), era of, 10 n.16 

Philometor. See Ptolemy Philometor 

Phoenicia, parallel through, 86; used as norm 
for planetary phases, 638 

planetaria, artificial, 601 

planets: names for, 21, 450 n.59; order of, 
419-20; order of in Planetary Hypotheses, 420 
n.4; two anomalies of, 420, 442; observa- 
tions of: mostly recent and unsatisfactory, 
420, cf. 450; types used by Ptolemy, 423; 
mean motions of, 423-6; periods of ‘cor- 
rected’ by Ptolemy, 423, 423 n.20; eccentric 
model for, 442 n.38, 555, 555 n.2; apogees 
of sidereally fixed, 443, 445; ‘eccentre 
producing the anomaly’ [equant], 443; 
description of models for, 443-5; inclin- 
ation of orbits negligible, 443, 597, 608, 
611, 616, 618, 622, 626, 628; computation 
of longitude of, from tables; 554, 657-8; 
models of with single anomaly, 555; retro- 
gradation, limit of, 559 n.8; latitude 
models of, 599-600 

planets, inner: latitude theory for, 422 n.16; 
Ptolemy’s method of determining apsidal 
line for, 449 n.53; peculiarities of latitude 
theory of, 598, 599, 622-4; computation of 
latitude of, from tables, 635-6, 659. See also 
Mercury; Venus 

planets, outer: observational basis of theory for, 
480-4; peculiarities of latitude theory of, 
from tables, 635, 658. See also Jupiter; 
Mars; Saturn 

plaque, for determining obliquity of ecliptic, 
62-3 

Plato, order of planets according to, 419 n.1 

Pleiades: occultations of, 334-5; length of, 469, 
469 n.3, 470 

Pliny, Natural History, 89 n.65, 294 n.47 

plumb-line, 62, 63, 245 

Pollux, lexicographer, 374 n.13 

Pontus, 122, 86 n.46; parallel through middle 
of, 86, 102, 128 

Porphyrius, 2 n.2, 407 n.187 

Posidonius, use of terms Gp@ioKtoc etc. by, 82 
n.24 

precession: effect of, 46 n.45, 132; discovered by 
Hipparchus, 131, 321 n.2; definition of, 
321 n.2; deduced from changes in declin- 
ation, 330-3; amount of: according to 
Hipparchus, 328; according to Ptolemy, 
328, 333-8 

precession-globe. See star-globe 

MPtopa, astronomical meaning of, 407 n.186 

Proclus, Hypotyposis, 252 n.51, 252 n.52, 640 
n.72 

TPonyovpeva, cic ta, explained 20 
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progress in science, ancient idea of, 37 n.11 
MPOOveEevoic, meanings of, 43 n.38, 227 n.19, 
313 n.77, 417 0.214. See also eclipses, lunar; 
eclipses, solar 
Ptolemais Hermeiou, parallel through, 85 
Ptolemy: life of, 1; Aristotelianism of, 35 n.4, 36 
n.9 
works: 
Geography, 84 n.30, 87 n.57, 88 n.59, 89 
n.66, 130, 130 n.109, 191 n.31, 212 n.64. 
335 n.69, 337 n.78, 638 n.65 
Optics, 39 n.24, 421 n.8 
Phaseis, 22, 134 n.9, 283 n.18, 417 n.213 
Planetary Hypotheses, 407 n.186, 419 n.2, 420 
n.4 
Tetrabiblos, 35 n.5, 283 n.18, 417 n.214 
See also Almagest; Canobic Inscription; 
Handy Tables 
Ptolemy Philadelphos, king, 11, 14, 477 
Ptolemy Philometor, king, 11, 283 
Ptolemiy’s Theorem, 50 n.59, 52 n.60 
Pytheas of Massalia, 89 n.66 


ratios, operating with, 17-18 

‘rear 16; meaning of, 20, 340 n.93, 344 n.110 

refraction, effect of, 135 n.12, 246 n.43; ?referred 
to in Almagest, 421 n.8 

Regiomontanus, epitome of Almagest by, 3 

Regulus: observations of: by Ptolemy (139 Feb. 
23), 328; by Hipparchus (-128/7), 328; 
used as sighting-star, 450, 454, 456, 461 

retardations of heavenly bodies, denied, 46 

‘retrogradation’, as translation of mponynotsc, 
20 

Rhine, river, parallel through mouths of, 87 

Rhodes: parallel through, 86, 101, 126, 212 
n.64, 224, 227, 230, 292, 638 n.65; parallel 
through used as example, 76-9, 80, 92-4, 
97-9, 111-14, 120-2: observations at, by 
Hipparchus, 224, 227, 230, 284, 284 
n.23; supposed to be on same meridian as 
Alexandria, 225, 225 n.16 

Riddell, R. C., 599 n.10 

ring. See ‘astrolabe’; equatorial armillary; 
meridian ring 

rising-times. See sphaera obliqua; sphaera recta 

Rome: observations at, 336, 337 n.79, 338; 
longitudinal difference of, from Alexandria, 
337 n.78 

Rome, A., 135 n.12, 246 n.43 


Sachs, A. J., 10, 253 n.58 

Salah, ibn as-, treatise on Almagest star 
catalogue by, 2 n.4. 341 n.95, 342 n.99, 
345 n.113, 380 n.54, 399 n.155 

Samuel, A. E., 13 n.22 

‘Saros’, 175 n.7 

Saturn: changes in Ptolemy’s hypothesis for, 
206, 206 n.52; period and mean motions of, 
424-6, 541-3, 669-72; retrograde arcs of, 
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562-9; northern limit of eccentre of, 598; 
observational basis of latitude theory of, 
604; arcus visionis of, 639 
Saturn, observations of: 
~228 Mar. 1 (Babylonian), 541 
127 Mar. 26 (Ptolemy), 525 
133 June 3 (Ptolemy), 525 
136 July 8 (Ptolemy), 525 
138 Dec. 22 (Ptolemy), 538 
Sawyer, F. W., 449 n.53 
Scythian peoples, unknown, parallel through, 
89 
seasons, lengths of according to Hipparchus 
and Ptolemy, 153-4, 156 
Seleucid Era 13, 452 n.67, 453 n.70 
Seleucus I, king, 13 
series, convergent, 281 n.12 
sexagesimal system, 6-7, 48 
shadow (of earth at lunar eclipse): apparent size 
of: according to Hipparchus, 205; according 
to Ptolemy, 254, 285; shadow-cone, 
distance to apex of, 257 
Shahpuhr I, Sassanian king, alleged translation 
of Almagest under, 2 
sign (of the zodiac), Greek terms for, 20-1] 
simplicity: in hypotheses desirable, 136, 136 
n.17, 153, 297, 600; in heavens different 
from on earth, 601 
Sirius: names of, 387 n.88, 405 n.183; change in 
colour of, 387 n.88; as starting-point on 
star-globe, 405 
‘slant’ (AdEwotc): defined, 599; angle of com- 
puted, 625-7 
‘small circle’, mechanism for planetary lati- 
tudes, 599 n.10, 600 
Smyrna, parallel through, 86 
Soene: parallel through, 85, 85 n.35, 101, 124; 
meridian through, 225 n.16 
solstices: inaccuracy of observations of, 137; arc 
between. See ecliptic, obliquity of 
solstices, observations of: 
-431 June 27, ca. 6 a.m. (Meton and 
Euktemon), 137 n.19, 138, 138 n.22, 
139, 139 n.23, 328 n.53 
-279 (Aristarchus), 137 n.19, 139 
-134 (Hipparchus), 139 
140 June 25, 2 a.m. (Ptolemy), 138, 139, 
see, US: youake) 
other mentions of: by Hipparchus, 133; by 
Archimedes, 133; by Meton and 
Euktemon, 137; by Aristarchus, 137 
solsticial points, detined, 47 
sphaera obliqua: explained, 18; theorems con- 
cerning, 75, 82, 99-104; rising-times at, 
90-9; table of these, 100-3 
sphaera recta: explained, 18; rising-times at, 
computed, 71-4; table of these, 100 
spherics, 6 
Spica: observations of, by Hipparchus, 135; 
distance of, from autumnal equinox, 135, 
135 n.14, 327; occultations of, observed, 
335-7; used as sighting-star, 452, 474, 499 
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‘star’, special sense of, 21, 37 n.18, 419 n.3 

star catalogue, Almagest: epoch of, 1, 340; 
constellations in, 14-16, 340; coordinates 
in, 16, 339; magnitudes in, 16, 339; identi- 
fications in, 16; mean error in, 328 n.51; 
arrangement of, 339-40, 341 n.95; men- 
tioned, 20 

star-globe, 15, 327, 327 n.48, 339, 339 n.90, 344 
n.110; orientation of figures on, 15, 352 
n.139, 356 n.159; Farnese, 346 n.118, 356 
n.159; construction of, 404-7 

station, planetary: uncertainty of observations 
of, 420-1; ancient observation of, 464 n.99 

Stilbon. See Mercury 

Strabo, Geography, 83 n.24, 225 n.16, 322 n.5 

Sufi, as-, star catalogue of, 15, 348 n.123 

sun: eccentricity and apogee of determined, 
153-5; apogee of fixed tropically, 153, 153 
n.46; epoch of mean motion of, 166-9, 172, 
172 n.71; computation of longitude of, 169, 
651; apparent diameter of: according to 
Hipparchus, 252, 252 n.54; according to 
Ptolemy, 252-3; distance of, 255-7; size 
and volume of, 257, 257 n.66. See also 
equinox; parallax, solar; solstices; year 

sun, observations of: 
-127 Aug. 5 (Hipparchus), 224 
-126 May 2 (Hipparchus), 227 
-126 July 7 (Hipparchus), 230 

139 Feb. 9 (Ptolemy), 223 
139 Feb. 23 (Ptolemy), 328 

See also eclipses, solar; equinoxes; solstices 

sundials, reference to in Almagest, 39. See 
also gnomon 

obvtaéic, meaning of, 546 n.48 

Swerdlow, N., ix, 252 n.53, 480 n.24 

Syene. See Soene 

Syrus, 35, 35 n.5, 321, 647 

syzygy: meaning of, 22; mean, computation of, 
275-81; true, computation of, 281-2, 308 
n.65, 654, 655; apparent, computation of, 
310-1, 655-6 


tables, Almagest: format and computation of, 
56, 56 n.67, 140, 140 nn. 27-8, 165-6, 165 
n.54, 180, 209, 234-7, 260-4, 275-7, 316 
n.83, 317-18, 426, 545-8, 583-7, 595, 
605-31, 646; use of 18-year interval in, 56 
n.67, 140 n.28 

tables, pre-Ptolemaic, 420 n.6. See also Aeon- 
tables 

Taliaferro, R. C., vii, 599 n.10 

Tanais, river, parallel through mouths of, 87, 
87 n.57, 103 

Taprobane, parallel through, 83, 83 n.26 

Thabit ibn Qurra, revision of Ishaq’s translation 
of the Almagest by, 2, 4, 342 n.99, 366 
n.211, 379 n.47 

Theodosius of Tripolis, 6; Sphaerica, 82 n.23, 106 
n.90 

Theon, associate of Ptolemy, 206 n.54, 456. 
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456 n.83, 469, 470, 471 

Theon of Alexandria; Commentary on the 
Almagest, 2, 5 n.8, 35 n.6, 38 n.22, 39 n.23, 
40 n.25, 148 n.39, 654-7; edition of Handy 
Tables, 10; mentioned, 217 n.1 

Theon of Smyrna, 257 n.66, 456 n.83 

Theophrastus, Historia Plantarum, 405 n.180 

Thule, island: parallel through, 89; identifica- 
tion of, 89 n.66 

thyrsus, 394, 394 n.129 

time-degrees, meaning of, 23 

Timocharis; used Kallippic calendar, 12, 334, 
334 n.65, 336 n.74; observations by at 
Alexandria, 12, 334, 334 n.66; fixed-star 
observations of, used by Hipparchus, 321, 
329; lunar eclipse observation of, used by 
Hipparchus, 327; crudity of observations 
of, 329; star declinations observed by, 
330-2; occultations observed by, 334, 335, 
336, 337, 338 n.86; planetary observations 
by, 477, 479 nn. 21-2 

TUNMAtA, meanings of, 62 n.73, 69 

Toledo, Almagest translated at, 3 

Trajan, Roman emperor, 11, 336, 338 

transits, Ptolemy’s opinions about, 419 n.2 

trigonometry, 5, 7-9; spherical, 64-9 

tpinAevupov (spherical triangle), 80 n.14 

triquetrum, 244 n.39. See also parallactic in- 
strument 

Troad, meridian through, 225 n.16 

tropical points, tropics. See solsticial points; 
solstices 

Tusi, at-, revision of Almagest translation by, 
336 n.211 


bdpopéetpriov, vox nihili, 252 n.5] 
uniform circular motion posited, 140, 141 
bropvypa, meaning of, 37 n.12 


Vakya system, 224 n.14 
van der Waerden, B. L., 422 n.12 
Venus: transits of, 419 n.2; period and mean 
motions of, 424-6, 474-9, 479 n.21, 669-72; 
two different values for mean motion of, 
425 n.29, 671 n.11; apogee of, 469-71; 
errors in dates of maximum elongations of, 
469 n.2; not source of equant model, 474 
n.12; alleged occultation of star by, 477 
n.17; retrograde arcs of, 575-8; computa- 
tion of maximum elongation of, 588-91; 
inclination of eccentre of, 598; obser- 
vational basis of latitude theory of, 601-2, 
625; arcus visions of, 640; peculiar phases of, 
641-4 
Venus, observations of: 
~271 Oct. 12 (Timocharis), 477, 477 n.17 
-271 Oct. 16 (Timocharis), 477 
127 Oct. 12 (Theon), 470 
129 May 20 (Theon), 471 
132 Mar. 8 (Theon), 469 
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134 Feb..18 (Ptolemy), 472-3 
136 Nov. 18 (Ptolemy), 471 
136 Dec. 25 (Ptolemy), 470 
138 Dec. 16 (Ptolemy), 474 
140 Feb. 18 (Ptolemy), 473 
140 July 30 (Ptolemy), 469 
Vettius Valens: used Hipparchus’ work, 1 n.1, 
224 n.14; mentions ‘Aeon-tables’, 422 
n.12; mentioned, 407 n.187 
visibility, first and last: defined, 407; of stars, 
413-17; of planets, 636-40. See also 
Mercury; Venus 


water-clocks, used tor astronomical purposes, 
252, 252 n.51 
wind-directions, 315, 315 n.79, 316 n.83 
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Xenophanes, 38 n.22 
Xenophon, Memorabilia, 413 n.204 


year, length of, 131-40; invariability of, 132 

year, sidereal, 131, 132 

year, tropical; taken as basic by Ptolemy, 132; 
period of sun’s anomaly according to 
Hipparchus, 136; length of: according to 
Hipparchus, 139; according to Ptolemy, 
137, 139-40 


Zenodorus, mathematician, 40 n.25 
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